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PREFACE

This is the second of two Workshops on turbulence held by the Panel in the 1986-87 time period. The first Workshop
concentrated on the measurement of turbulence and methods of data collection. The theme of the second Workshop
concerned the criteria, analysis methods and regulations involved in the design and certification of aircraft for turbule rice,
Taken together, these two Workshorus will provide invaluable guidance in the formulation of an AGARD Manuai 3nl
turbulence, scheduled for publication in late 1988 or early 1989.

The authors are to be congratulated for the interesting and valuable presentations at the Workshop, and the appreciation
of the Panel is hereby extended to them. A special note of thanks is offered to the FAA and the AGARD Flight Mechanics
Panel for the contiibutiont: sponsored by those organizazions.

Le priesent rapport rend compte des travaux de la dewdi~me rdunion de travail organisde par le Panel, sur le th~ne de la
turbulence pendant Is periode 1986-1987. La premi~re, reunion flit consacri& aux mesures des turbulences et les procedures
de recueil des donnees. La deuxi~me riunion de travail conceme les critires, lea mithodes d'analyse et lea r~gements
intervenant dans U'tude et Ilhoiotoogation des aeronefs du point de vue de leur aptitude au vol dans lea turbulences
atrnosphiriques.

Les travaux de ces deux riunions de travail devraient diboucher sur des direc~ives qui seront d'une grande utilit6 bora de~
t'aaboration du Manuel AGARD de Ia turbulence, dont la partition eat privue fin 1988 debut 1989.

Nous tenons ii f~liciter les auteurs de P'int&&~ et de Ia valeur des exposes qui ont 6t pr~sentis lors de Ia r~union, et de Ia
part du Panel, nous leur pr~sentons nos vifs remerciements. Nous ne saurions conclure ce rdsumi sans exprimier notre
reconnaissance pour lea contributions effectu~es sous l'gide de Ia FAA et du Panel AGARD de Ia M&canique du vol.

in ____4
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CURRENT AND PROPOSED GUST CRMITEA AND ANALYSIS METHODS
AN FAA OVERVIEW

by

Terence J.Barnes
Federal Aviation Administration

ANM-IOSN
P.O. Box C-68966

Seattle, WA 98168, USA

INTRODUCTION

This paper presents an FAA overview of the gust criteria and analysis methods
used in the various types of flight vehicle certified under the FAR's
(Reference 1). The current criteria for small airplaties, transports, and
rotorcraft are presented, and the status of proposed criteria for the tilt
rotor and aerospace plane are discussed. The amount of discussion on each
class of vehicle depends on the significance of gust loads as design loads,
and the importantce of vehicle flexibility. Transport airplane gust criteria
development, usage and problems are discussed in some detail. Analysis
methods used by U.S. Industry are covered in a separate paper.

Units used throughout this paper (Standard English) are those accepted world
wide for certification, to FAR-2b and JAR-25 standards.

PHILOSOPHY OF REGULATIONS

Structural design limit load criteria are chosen such that there is sufficient
structural margin around normal operating loads that, in conbiiation with the
factor of safety, the probability of catastrophic failure is acceptably low.

The structural criteria used to establish the required strength levels have
changed over the years to reflect changes in airplane configurations,
knowledge of the atmosphere and ability to analyze.

To ease the analysis burden, criteria are presented in the simplest form
consistent with obtaining acceptable safety levels. However, it is necessary
to recognize the impact of the simplifications on a particular vehicle. A
typical example is the definition of gust velocities without spanwise
variation. The combinations of airplane size and cuý'rent criteria have proven
adequate, however, a týransport with a significantly larger wing span than the
Boeing 747 would likely receive special attention in this area.

Similarly, transport airplanes have gradually introduced active controls and
non-linear systems. Although recognized by the AC (rMefernce 2) and special
conditions, the basic criteria have not yet been changed.

I DISCUSSION

For each class of flight vehicle, the following are discussed (if applicable):

° Summary of current regulations, and their historical development.

° Adequacy of current regulations for conventional configurations.

o Adequacy of currenc regulations and methods of analysis for anticipated

configurations.

o Identified Problems.

o Actions to address identified problems. I

II
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SMALL AIRPLANES

Small airplane gust criteria (Part 23 of Reference 1). with the exception of
the evaluation of dynamic riesponse, are the same as the transport criteria.
Most configurations of small airplanes certified to date have been relatively
stiff, slow and conventional. Special cenditions have been written and rule
changes proposed to cover the certification of canard configured airplanes.
The evaluation of dynamic response to turbulence has not been considered
necessary. The current rules are presented in FAR r'art 23 S23.333(c) and
S23.341 as follows:

§23.333(c) Gust envelope. (1) The airplane is assumed to be subjected to
syminetrical vertical gusts in level flight. The resulting limit load factors
wust correspond to the conditions determined as follows:

(1) Positive (up) and negative (down) gusts of 5U f.p.s. at Vc must be con-
sidered at altitudes between sea level and 20,000 feet. The gust velocity may
be reduced linearly from bU f.p.s. at 20,OOU feet to 25 f.p.s. at 50,0U0 feet.

(ii) Positive and negative gusts of 26 f.p.s. at Vc must be cousidered at
altitudes between sea level and 2U,OUO feet. The gus. velocity may be reduced
linearly from 2b f.p.s. at 2u,0UU feet to 32.5 f.p.s. at 50,0UU feet.

(2) The following assumptions must be made:

(1) The shape of the gust is - Ude ( 27)
U ... (1 - cos --- )

2 ( 25C)

Where -

s = Distance penetrated into gust (ft.);

C a Mean geometric chord of wing (ft.); and

Ude = Derived gust velocity referred tu in subparagraph (1) of this section.
§23.341 Gust Load Factors.

In the absence of a more rational analysis, the gust load factors must be
computed as follows:

KgUdeVa

198(W/S)

Where -

Kg = 0 •88 g/ 5 . 3 yg = gust alleviation factor;

S2(W/S)/ Cag = airplane mass ratio;/*9
Ude - Derived gust velocities referred to in 623.333(c)(f.p.s.);

Density of air (slugs/cu.ft.); at altitude;

W/S = Wing loading (p.s.f.);

C = Mean geometric chord (ft.);

g = Acceleration due to gravity (ft/sec. 2 )

V = Airplane equivalent speed (knots); and

I.I
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e- Slope of the airplane normal force coefficient curve CNA per radian if the
gust loads are applied to the wings and horizontal tail surfaces
simultaneously by a rational method. The wino lift curve slope C1 per
radian may be used when the gust load is applied to the wings only and the
horizontal tail gust loads are treated as a separate condition.

FIXED WING TRANSPORTS

° Sumary of current regulations, and their historical development.

The starting point for this discussion is the gust load formula (FAR Part 25
§25.341(b)(3), Reference 1). A good overall technical discu.sion of gust
criteria development is given by Noback in his report NLR TR 82134U, Reference

4. The current gust load formula (frequently referred to as the "Pratt
Formula") was developed based in an evaluation of V-G records from 9 civil
transports from 1933 to 1950 and presented in Reference 3.

As can be deduced from the table (Figure 1) below, these were essentially
straight wing, stiff airplanes flying slowly at low altitudes.

Design Wing Wing Mean Design Estimated
pAir grsW areag S, span, b, geometric Aspect cruising operating
panr gross a, Ss pn ft chord, c, ratio, A speed, altitude,lb sqft t f V,, mph ft

A 13,400 836 74 11.3 6.6 180 5,000

B 18.560 939 85 11.0 7.7 215 5,000
C 41,000 1,340 118.2 11.3 10.4 181 5,000
D 50,000 2,145 130 16.5 7.9 168 5,000
E 25,200 987 95 10.4 9.1 211 5,000
F 45,000 1,486 107.3 13.9 7.8 230 5,000
G 94,000 1,650 123 14.7 9.2 271 10,000
H 70,700 1.461 117.5 13.6 9.5 224 1 0,000
J 39,900 864 93.3 10.1 10.1 256 5,000

Figure I

As airplane configurations, speeds and cruise altitudes changed, it was
recognized that airplane dynamic response should be considered. The current
rules are presented in 525.305(c) and (d), and S25.341 as follows:

525.305(c) where structural flexibility is such that any rate of load
application likely to occur in the operating conditions might produce
transient stresse. appreciably higher than those corresponding to static
loads, the effects of this rate of application must be considered.

525.305(d) the dynamic response of the airplane to vertical and lateral
continuous turbulence must be taken into account. The continuous gust design
criteria of Appendix G of this part must be used to establish the dynamic
response unless more rational criteria are shown.

The airplane is assumed to be subjected to symmetric&l vertical gusts in level
flight. The resulting limit load factors must correspond to the conditions
determined as follows:

I
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(1) Positive (up) and negative (down) rough air gsts of 66 fps at VB
must be considered at altitudes between sea levet and .000 feet. The gustvelocity may be reduced linearly from 66 fps at 20,000 feet to 38 fps at

50,000 feet.

(2) Positive and negative gusts of 50 fps at Vc must be considered at
altitudes between sea level and 20,000 feet. The gust velocity may be reduced
linearly from 50 fps at 20,000 feet to 25 fps at 50,000 feet.

(3) Positive and negative gusts of 25 fps at VD must be considered at
altitudes between sea level and 20,000 feet. The gust velocity may be reduced
linearly from 25 fps at 20,000 feet to 12.5 fps at 50,000 feet.

The following assumptions must be made:

(1) The shape of the gust is
Ude 2Vs

U . ... (1 - cos) ---

2 25C

Where -

s - distance penetrated into gust (ft);

C - mean geometric chird of wing (ft); and

Ude = derived gust velocity referred to in paragraph (a) (fps).

(2) Gust load factors vary linearly between the specified conditions B'
through G'. as shown on the gust envelope in S25.333(c).

(3) In the absence of a more rational analysis, the gust load factors
mIust be comnputed as follows:

KgUdeVa
n=1+-------

498 (W/S)

Where -

Kg = = gust alleviation factor;5. --+

2(/W/S)
=g - - airplane mass ratio;

Ude = derived gust velocities referred to in paragraph (a) (fps);

- density of air (slugs cu. ft.); at altitude

W/S = wing loading (psf);

C z mean geometric chord (ft);

g z acceleration due to gravity (ft/sec2 );

V - airplane equivalent speed (knots); and

It



a - slope of the airplane normal force coefficient curve CNA per radian. If
r the gust loads are applied to the wings and horizontal tail surfaces

simultaneousl.w by a rational method. The wing lift curve slope CAL per
radian may be used when the gust load is applied to the wings only and the
horizontal tail gust loads are treated as a separate condition.

t The tfrst s"p in the development of the neriessary techniques to include
airplane dynamic response was taken tjward the end of the era of piston engine
trrniports. At that time it becaimi apparent that the earlier airplanes had
satisfactory service and sa,'ety records, even though no provision had been
made in their de'ign loads for dynamic effects that were known to be present.
Thus it became evident that the d?.;ign gust velocities had been set high
enough so that for these airplane ,io increase in design loads for dynamic
effects wa• needed. On the other hand, it was apparent that, with the noted
trends, the relative dynamic effects might well increase. Sooner or later,
design to static loads alone coulu lead to e structure of inadequate strength.

ConsequenLly, to preveni. any deficiency in strength that might otherwise have
resulted from this trend, the CAA at that time adopted a policy which was
suia•,arized as follows:

"During the AIA-CAA Gust Loads Meeting in Washington, it was agreed that
If a manufacturer showed that for his new model the percentage increase
in load, due Lo transient effects, was no greater that that of his
previous models, it would riot be necessary to design for the increased
load; however, if the increase was greater than for the previous models,
tVii increase should be designed for."

This policy, reflecting what may be called the concept of "limited dynamic
accountability", was applied, for example, in the design of the Lockheed Model
1649 Constellation and the Electra. As was the practice at that time, primary
ewphasis was placed on a comparion of dynamic magnification factors of wing
be.ading moment.

The major objection to a ccnAiiuation of this type of approach was thal detail
engineering data on the various satisfactory existing airplanes were available
only tu the manufacturers of those airplanes. Consequently, a manufacturer
whose past airplanes may not have been gust-critical, or for other reasons may
have had more than the required strength, had to design a new aircraft to more
severe criteria Lhan th•e manufacturer whose past aircraft happened to have
less nmargin. Further, with few exceptions, no criteria short of "full dynamic
accountability" were available to a manufacturer who had no previous aircraft
in operation wich a long, satisfactory service life.

FAA decided to develop new gust criteria using the power spectral technique.
The results of study contracts let to Lockheed and doeing for the purpose of
helping FAA define procedures and criteria are sunmnarized in References 5 and
6 (ADS-53 and 54).

'The criteria that FAA incorporated into the regulations as Appendix G to FAR 25
(Reference 1) in September 198U were the result of extensive negotiations
between FAA and U.S. Industry. The primary difference between the criteria
prescribed in FAA-ADS-53 and current FAA criteria are in the specified design
gust velociies and their variation with altitude. Tnese FAA criteria pro-
vided the basis for all current continuous turbulence criteria, regardless of
the certifying agency. For example, the European civil regulations as of
January 1987 are specified in JAR-25, Reference 9. The continuous gust design
criteria given here are identical to those given in Appendix G of FAR 26 with
one major exception. JAR-25 makes no reference to reducing design gust
velocities for airplanes that have an extensive satisfactory service
experience with design gust velocities that are less than 85 fps. This will
be discussed later.
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As specified in Appendix G of FAR 25, power-spectral gust loads criteria are
presented in two basic forms; the design envelope analysis and the mission
(flight profile) analysis. Provision is also made for a modification of the
design envelope analysis that considers the service life of existing
airplanes.

The design envelope criterion is similar to past discrete criteria as well as to
current limit design maneuver loads criteria. Operational usage of the aircraft
is ignored. Instead, the aircraft response is evaluated for a specified
design envelope of speed, altitude, gross weight, fuel weight and center of
gravity, c.g., position.

Appendix G of FAR 26, Item (b)(3)(i), provides for reduced design values of
U sigma. Specifically, "Where the Administrator finds that a design is
comparable to a similar design with extensive satisfactory service experience,
it wll be acceptable to select U sigma at Vc less than 85 fps, but not less
than 75 fps, with linear decrease from that value at 2U,OQU feet to 3N fps at
8U,UuO feet." To apply the reduced U sigma values requires that:

(1) Transfer functions of the new design are similar to the prior
dr.signs.

(2) Typical missions of the new airplane are substantially equivalent to
tht of the similar design.

This modification to the design envelope criterion came about from an AIA
proposal to the FAA after extensive studies of mid-range to long-range
tranisports. sucn as the L-1011, DC-9 and DC-1U, and the Boeing 727, 737, and
747, that showed U sigma of 75 fps at Vc was permissible i.nder FAR Appendix G
for this type of transport. The higher U sigma values, specified by the
-inriodified design envelope criterion, are store appropriate for the lower
c'uise altitude more-severe types of operation. The more severe tynes of
operation are represented by short range or commuter operations where cruise
altitudes of 2u,OuU to 3u,0UA teet are typical. The mld-:-ange to long-range
airplanes normally have cruise altitude in the vicinity of 35,000 feet.

As originally developed in FAA-ADS-53, the mission analysis approach was a
"s4tand alune" method. It was, however, suggested that the most appropr';ate
criterion would be a combination of the design envelope approach and the
mission analysis approach. Combining these two approaches now constitutes the
Mission Analysis Criterion specified in FAR 25, JAR-25 and the various U.S.
NIL SPECS.

In addition to a mission profile analysis the Mission Analysis Criterion
requires that a design envelope analysis be perforied similar to the design
envelope criterion, but with reduced U sigma values to provide a design
envelope floor. The U sigma value at Vc is specified as 60 fps frem 0 to
3U,O0'J feet with a linear reduction to 25 fps between 3U,000 feet and 80,000
feet. The VB value is still 1.32 times the VC value and VD is still 0.5 times
the VC value.

There was a transition period, during which dynamic response to both single
gust encounters and continuous turbulence was considered. Depending on the
manufacturer, there was a different balance of reliance on the two methods.
Dynamic analysis of the single gust encounter wr, accomplished by requiring an
evaluation of the I minus cosine gust shape and 25 chord length of
S26.341(b)(l), including the rigid body and flexible airplane responses.

The Boeing 747 was the last airplane certified during the transition period.
All subsequent new airplane certifications commencing with the Lockheed L1011
and Douglas DC-lU used gust criteria similar to those currently published.
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SSingle Gust Continuous
Atmosphere Encounter I Turbulence

IFlexible
Airplanes Essentially Flexible High Subsonic

Rigid High Subsonic Swept Wings
Slow Swept Wings Non-Linear Systems

Criteria Pratt PSD
Formula/ Pratt Formula/1-Cos
I-Cos

Analysis Nethods Rigid Frequency Frequency domain
domain plus supplemental
plus time history plus

static static elastic
elastic
sol ution

*Llull-SOU, A-32U
Transition

Period
Current Situation

Figure 2

OAdequacy of current regulations for conventional configurations.

Sufficient service has bcen built up on airplanes certified to the Appendix G
PS) gust criteria to be confident chat the criteria are a,.equate for these
cutifiguraujuns. However, these airplanes have gradually Included nwlre
non-linear systems and active controls. In general, the group of airplanes
identified as "flexible high subsonic swept wings" in Figure 2 included only a
yaw damper in addition to a limited authority autopilot. However, the last
group, wi.h currenLly includes only the Lockheed L-lU~i-5UU and the Airbus
A32U, have systems which interact with vertical gust response, and have
non-linear characteristics, Even though FAA prepared special conditions for
the certification of these airplanes, they discussed the technical concerns
without defining an acceptable means of compliance.

'Adequacy )f current regulations and methods of analysis for anticipated
configurations.

As more airplanes are certified with increasing levels of system interaction
with structure, the need for changes in the regulations increases. For
example, if the control surfaces deflect at high rates to large deflections to
maintein a desired airplane attitude in turbulence, the way in which these
effects are accounted for in the analyses should be defined by the FAA, and
not left to the imagination of the manufacturer. In addition, concerns
increase about the need for consideration of, for example, spanwise variation
of gust velocity.

"Identified Problems

The following are considered to be problems with the current regulations:

- Difficulties using current PSD criteria to produce design loads.

Definition of realistic turbulence to evaluate active controls and gust
load alleviation.

Criteria for reduction of PS0 Gust Intensity below 85 ft/sec. j
- -~ . - ~ -



The difficulty using the current PSD criteria to produce design loads is how

to fit them into the routine by which design loads are obtaired and stress
'inalysis is conducted. Normal stress analysis practice utilizes design
conditions each of which is deflned over the whole of some major structural
component at a given instant. Power-spectral methods, however, do not result
in this sort of design condit.on. They lead, instead, to individual
design-level values of load of equal probability at various points in the
structure, or of various components of load such as wing shear, bfnding
moment, and torsion, with the phasing undetermined. For example, it is not
determined whether maximum up shear combines with maximum nose-up or maximum
nose-down torsion or with some intermwdiate value. This difficulty can be
circumvented to some extent by determining design-level values of internal
loads or stresses, such as front and rear beam shear flows. As discussed
earlier, the methods used by U.S. Industry are reviewed in detail in a
separate paper.

The definition of realistic turbulence to evaluate active controls and gust
load alleviation becomes more important as the use of active controls becomes
more prominent in modern airplane design.

The criteria for allowing a reduction of PS0 gust intensity below 85 ft/sec
are qualitatitve. It is not possible to evaluate transfer functions and
typical missions to arrive at a value between 85 and 75 ft/sec. Typically the
jet transports which cruise at 30,000 to 40,000 feet can substantiate the use
of 75 ft/sec, while the turboprop shorter range transports which cruise at
20,000 to 30,000 feet have found to require the use of 85 ft/sec.

°Actions to address identified problems.

Two of the problem areds identifled above are being actively addressed.

Most Airworthiness Authorities and Transport Manufacturers outside the U.S.,
and some smaller U.S. Transport Manufacturers indicated an interest in
developing a time domain continuous turbulence gust analysis that would
produce cornlete sets of correlated loads on an airplane. FAA agreed to
sponsor an evaluation of methods including the Statistical Discrete Gust (SDG)
analysis method (Reference 7) proposed by Mr. J. Glynn Jones of RAE
Farnborough, England. Originally Mr. Jones' Statistical Discrete Gust (SOG)
method was seen only as a possible alternate means of compliance which
produced complete sets of time correlated loads. It is now recognized In
addition as a possible tool for directly analyzing the response of nonlinear
systems sucL, as gust load alleviation to continuous turbulence. An
International Ad Hoc Committee has been formed under the chairmanship of Mr.
Terence J. Barnes, FAA's National Resource Specialist for Flight
Loads/Aeroelasticit.

The committee met for the first ttne on May 22, 1986 and agreed that the first
step should be to validate the "overlap" between PSD and SOG. As discussed by
Jones in Reference 8, since both methods reflect a variation of gust velocity
with gust length (in the PSD method by the von Karmann spectrum, and in the
SDG method by assuming that gust velocity is proportional to gust length to
the power 1/3) there is a fixed mathematical relationship between the methods.
This is, however, valid only for linear systems. NASA has agreed to assist
FAA in the validation of this overlap between the two methods. In the
interim, several manufacturers including British Aerospace, Canadair and
de Havilland Canada are conducting their own evaluations. A workshcp is
planned for October 12/13, 1987 in London at which users will discuss the
status of their evaluations, and have an opportunity to discuss any problems
with Mr. Jones. No recommendations for use will be made until the method is
well understood and it has been evaluated on several representative airplanes.

______
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The JAR Authorities are considering allowing a gust intensity reduction
similar to that allowed by FAR 25 Appendix G. However they have suggested
that the qualitative evaluation required by Appendix G to allow a reduction in
gust intensity should be replaced by a quantitative evaluation for ease of
comliance, and to possibly allow the use of values between 75 and 85 ft/sec.
A simplified mission analysis, where the scope is reduced to a small number of

missions, and where the loads are evaluated at a few key locations, has been
I discussed. FAA will review any acceptdble proposal by the European

Authorities with U.S. Industry, and consider it as a possible replacement for
the current rule.

Helicopters

The gust criteria of FAR Part 29 are very basic, since helicopters are
relatively insensitive to gust encounters Loads analysis techniques are
tnerefore unsophisticated, and based on data developed in the 1940 time
period.

The concerns regarding helicopters in turbulence relate more to
controllability and fatigue.

The current rules for gust loads criteria are presented in §29.341 as follows:

Each rotorcraft must be designed to withstand, at each critical airspeed
including hovering, the loads resulting from vertical and horizontal gusts of
30 feet per second.

Tilt Rotor

At first sight, it would appear that a tilt rotor configuration cnuld use the
existing helicopter criteria in the hover mode and the transport criteria in
the cruise mode, with the only area of concern being transition. However, due
to the size and flexibility of the blades, and the configuration, there are
significant blade/wing aerodynamic/aeroelastic interactions in all modes.
This subject was discussed extensively by the Airframe Technical Issues Panel
at the Powered Lift Conference in Fort Worth, Texas on 23/26 June 1987. The
concensus of the experts was that these concerns justified a complete
re-evaluation of the gast criteria. Some form of time history gust criteria
will likely be proposed.

National Aerospace Plane (NASP)/Orient Express

* The Orient Express concept focuses on sustained supersonic cruise at Mach 5 or
6, and hypersonic cruise vehicles derived from the aerospace plane may achieve
speeds to Mach 10 and beyond in the altitude region of 100,000 ft. Initiated
under DARPA, the U.S. Air Force will head the aerospace plane development
program, with NASA having major technical responsibility. This is intended as
a multiple purpose airplane, - hypersonic cruise and single stage to orbit -,

* propelled by an airbreathing (Scramjet) propulsion system. The ascent dynamic
pressure will be high. New design concerns arise for this airplane due to
major thermal effects on static and dynamic aeroelasticity, and dynamic
loadings on the huge liquid hydrogen tank. 1986 saw the release of funds to
begin HASP technology development. Aircraft ronceptual design studies are
being conducted by Boeing, General Dynamics, Lockheed, McDonnell Douglas and
Rockwell International. These contractors will recommend gust criteria as
appropriate for their individual design concepts. At the present time
proprietary aspects prevent revealing the various proposed criteria.

Although FAA is not directly involved in the initial development phase, it
already has begun thinking about the job of certificating a Mach 5 or Mach 6
transport for commercial use.



1-10

a

FIUGHT ENVELOPE

- FOR EXPERINTAL

S" " /HYPERSONIC VEHICLE

e - I
7**:

Us 4 s 1 0 a N Tiger* 3

REFERENCES

1. Federal Aviation Administration, Department of Transportation
Airworthines4 Standards: Part 23, Normal, Utility, and Acrobatic
Category Airplanes, Part 25, Transport Category Airplanes and Part 29,
Transport Category Rotorcraft.

2. AC 25.672-1, Federal Aviation Administration, Department of
Transportation Advisory Circular; Active Flight Controls.

3. NACA Report 1206, A Revised Gust - Load Formula and a Re-evaluation of
V-G Data Taken on Civil Transport Airplanes from 1933 to 1950 by Kermit
G. Pratt and Walter G. Walker.

4. NLR TR 82134 U Review and Comparison of Discrete and Continuous Gust
Methods for the Determination of Airplane Design Loads by R. .oback, NLR.

5. FAA-ADS-53 Development of a Power-Spectral Gust Design Procedure for
Civil Aircraft by F. M. Hoblit, N. Paul, J. D. Shelton, and F. E.
Ashford.

6. FAA-ADS-54 Contributions to the Develor,ment of a Power-Spectral Gust
Design Procedure €or Civil Aircraft by J. R. Fuller, L. U. Richmond, C.
0. Larkins, and S. W. Russell.

7. R.A.E. Tech Memo FS 208 on the Formulation of Gust Load Requirements in
Terms of the Statistical Discrete-Gust Method by J. G. Jones.

8. AIAA-86-1011-CP, A Unified Procedure for Meeting Power-Spectral-Density
and Statistical-Discrete-Gust Requirements for Flight in Turbulence by J.
G. Jones.

9. JAR-25, Joint Airworthiness Requirements - Large Airplanes.



HI-I

A£AW ýfIU RVA1SA93 Append~ 0 A a

IMs Onea~m Bus t -lo l'" l k hi hi dUaWie ambll by tbe fdo"Fin vmalse of
open& asit he vmd ki antshlslg *,. h 00209 veb*A Us:
#Yom& n F ---ofpe ftubpbn MbtoUUJand (0 At -* V: Ue.U6 taa bum Must

kina lroc~~usO h3*01005. WhsIs Mooe FV- ,ejlef hiUn. Os taný 0 to S0W ft.
d w It 41" b ed No le Mshil g lart lead aloli. sd bs 5.1* duineued to $0to

rsqfr6&t MW Mhbu 010u and true just Vuoiael tý 8000 ft. eealds..
d&ka envdo? Whaet 2Me Adminlebavo n dsd that a

(a) 7Wgo qmit kqileds aftinag Urn cow. deedp bi 0Oc.aIble to & alinblr d~esin
tinuern btbnlsnem concept miat he detlersmimd with saney. sedealetny WenlI ex-
in eeinidan yKI the p-mha df elthar W lIt mg be socptble to &'I40 U*

orpal pa)etmwa*a (C) and Mi ofth at V6 lees tha 660 Lo. bt ne lsee then 71
a~se&. I~. Viah Unow dieem Mbss hr.tat Vehia at

9"1413 20.000 hotisp bw~ua sk mthdo 10pi at low00 bt. 11"
t) Desg oumisdfp &uW 11%~~a Ind kes Nowlqbets,. wil he token Ito amount

und e I INftOV M W"The whin sassing eeuoeaspralty to a similar

(i) All enetal altubi. w*hts, Mnd (1 The facintleedsg
weight diatributloas. as specified hin abo ukRs wa loaeitc
I 3S.101) wand1 aftilmi spse.s wifrni the Comeed ta do eltbi dots w"ic will
vrvagsh~d~c&ed IaevPUW%*(bX)ct)thJAsP- ealpfcl Whet uama- to tubulence;
pen&i must be coonkjeM eg~.. enhuence of moda espmam In the fkw

M Vslsew e~ A (rads of romunqae quecy regis. whh an MNeeM" In a sgnid-
InrMea~to Ind Mt-mant-quare gust catIcseofla.
velloty) sit be delarsidud b4 *rnmlc M3 2% typWiassalon of the rew airplane
amlabsk Tha POEM spoeal dezdtýL of -'s at- is susantially equivalent to that of the
staph., bAulanee austbie sasgiven by the Bud"h a0mlga,
equation- (3) anoWikr deig ahauk demonstrate

um ~ the adequacy of the U. selected.
cs..-(h) At speed Vs: UbIsreualto 142 timres

UTIMMORMthe vetoes obtained under paragraph
where: (hXSXQ of this appendsx.

#-powor-spectrall density (fLlsec.)P/ (iii) At speed Vo: U. ins .9.1 to %t the
re/ft. values obtained under paragrsaph (bYXQrn of

. -root-mear-Square pust velocity. thi wn d Peasi.
" ft~sec.(1r) At speeds between V, and Vc and

U-reuce frqueny, adins pr fot. between V~ and V -U#k Isqunl to ava~lue
0-rducd hquncy raias pr tot obtained by liea &.tepolatioii.

L-2,500 ft. (4) When a stability augmentation syit~em
q 3The limnit loads most be obtained by is included in the analysis, the effect of

multiplying the ;L values determined by Jie system nonlinsarities on loads at the limit

31 ~

- -------------
noting ~ ~ F AN PAD 2~A

(APPENDIX G)



1-12

bea bwa mot be "&MONO* or "mer- C." 3-osef ihiumoq cover aweU b
naflwb Ommai *. ide 11110".

(4 004c& e umk Li ball Mot be plrmou bblhedum bp~m~
deme emegbmm withd 110~sw im bi , mea dlo he peuqnp MgM3 of

m~ 7W mpabij too" of do rb 1 abb "Peak.-

pmo be mpmtid ebo ~ime a ;ad Me bf I of --- ~mf
pa in -" wh* tft dt* o a. I* he med Aorm pWa

w.aht" sat NMI of VI pelmgeft Wx as of
Wo a Iemm 0 -MN ho Glded Wet "a 111 Ouwt e"d bmr do
"uim& "mto wWt mot be Ov k"mmy If mcmbIU ON's as a be.
sloeqo aw orMai. for umbli MAs fm~et m stxs~f 1,0ml
surmeblW def"ed Swh sd f uimt arbm IN pow Oi erg"v be

pwbed udeft paaeh Ir( "~a * emdb, i. ~I d100 bie i at.i
ft~ed Atlpmed~l NO)hOf " miaadb (4) NaiS ofthf moal ehWaem IN
"Lvm. d I N o b edefid - mine by ~tot m- imgtbus
mw~afp besneb 6&W u dom ro* dn mot L. givesa 0- 90m dft
~equantod illy antN. I I ntwof mema pbasb
gyrAb If &I lid pmew speesbel iuwi' e W/gb~fWM~ :0I do n
featm abert or hevema. Ihe power *Mf hrfi uAm f as ligt tbo.
epietoal da ol, Of 110autmupherle tSur __ma"NWmvmd ob be
balem out hi~yd~abe lgk IVe the "ae t 61Mims e.amis, ats dant It *low
1u heI ff~ Oel( It b aweidiz. acmbummamle bmi lSe atdoNO d level
0) 7w euih of do hod Si stro "m. maths casmilb macsate hr.

NO 010064etw 11110 6@WMW d W,
mutihodelmelmual, A aoIUhedO'e In Sddli. toi th W'hm& defined by
by ummus ofe So adm- pararp~h (C) of fib 11111a gt he& moot

(kj ~ &be bl.e do Iaod In aoudance with

+prOg a)hto I u I a apm b.aeel-.

whs,- repcwhr~ Up-@* to rua gin WWl on
t~~eehstid ~ ~ d 11e56011the 1101a0 to AM60 IL al.,ed 18,

t__ 3neeryal HadeeedW 2~ l ogit dait
y-Mwtvh atieoa Nbum at 80,000 ft. suite&; Bad
T qIf Sohad or stusInhuems M npgmb0 fd b

-%amet rdwagme to parm-pbep (b)(8 3 v
N(l).aSngemuse of 4axceadeace t the Of diM appea& b to he umbereood

indiated "goe of te had or strem in ahfte= rto Se paragraph mmodifie by
Sit ~ paragraph tiE)).

pm -i AM IS - -- --

( PPEDI G)- - - - -

AMMCR - -- --- - -



2-1

FUG'IT TS EQUAIPMNT FOR THE ON-BOARD MEASEUREMNT OF WIND TURBUILENCE

by

GSchbnzr and MSwollnsky
Institute for Guldance and ControlTechnical University of Braunschweig

D-3300 Braunschwei&. Federal Republic of Germany

and

P.V6rsmann
Acrodata Fiusmesstechnik GmbH

D-3300 Braunschweig, Federal Republic of Germany

The knowledge of the actual wind and turbulence situation along the flight path of an aircraft is an important
factor in the area of meteorological and aeronautical research.
in thio paper different flight test programs for the on-board ImpIementeton of off-line and on-line wind and
turbulence measuring systems are presented. The theoretical principle of the determination of all three
components of the wind vector is stated. A summary o; the installed sensors, the data acquisition systems a id
computer equipment is representse and the essential effects of sensor errors on the accuracy of wind
determination are discussed.

f *sensor parameter
INS inertial Navigation System
H altitude, hbight
I1 vertical speed of the aircraft
ilvertical acceleration of the aircraft
L distance between flight log and inertial navigation system
PCM Pulse Code Modulation
P, static pressure
q dynamic pressure
q angular velocity about the aircraft y-axes
r angular velocity about the aircraft z-axes
t time
Tt total temperature
Us Nortm component of true airspeed
UKg North component of inertial velocity
Uwg North component of the wind vector
Y true airspeed vector
ve East component of true airspeed

K~ East component of inertial velocity
YK inertial velocity

Vve East component of the wind vector
y ;; Wind vector
we vertical component of true airspeed
WK, vertical component of inertial velocity
wwo vertical wind component
* aircraft angle of attack
Mr, flight log angle of attack
* aircraft angle of sideslip

flight log angle of sideslip
"T fligh path angle
£ differential operator
£ sensor error or wind component error
* pitch angle

longitude
standard deviation

SE sum

latitude
0 bank angle
V true heading
1, Xwind direction

Wind and atmospheric turbulence are essential parts of the weather process. Consequently the measurement of
the wind vector and its tubulent fluctuations is the domain of meteorologist for several decades. From
aeronautical point of view wind and turbulence are disturbance variables affecting the aircraft dynamic. the load

of aircraft and pilot, the passenger comfort and and wind shear and downdraft may restrict flight safety
especially during take-off and landing. Hence, this meteorological phenomena have to be subject of Intensive
research in the field of aeronautics. too.
At the Institute for Guidance and Control of the Technical University of Braunschweig different flight toot
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programs for the wied determination en board of aircraft hove boon initiated during the last ton years. One of
them uwod an AIRBUS A300 of the DEUTSCHE LUFTHANSA collecting raw data during take-off and landing for the
off-line wind criculation (Fig. 1). The experiments demonstrated, that the standard-equip.nont of an airliner gives
sufficient results. if there is performed an extensive and accurate data preparation and fitting (I].[23. A higher
level of accuracy as well as an Increost in frequancy range an* be obtained using a @peciel equipped research
aircraft. On board the DO 28 research aircraft (Fig. 2) of the Technical University of Braunschweig anr on-line
wind and turbulence measuring system has been Implemented, which calculates all three components of the wind
vector in real time at a semping rate of 23 HFx C3. A modified system has been developpod in colaboration with
the AERODATA Fiugmoltechnik tdmbH just now for the second research aircraft of the TU Braunschweig. a DO
128 (Fig. 3), using more powerful computer and sensor systems. The DO 128 is bare also for the flight test of
thl newest development of AERODATA Flugmeltechnilk GmbH In the field of alrborn wind and turbulence
measuring systems, the socalled METEOPOD (Fig. 4). This system is installed in a slender body attached under
the wing of the research aircraft Instbad of the auxiliary fuel tank. Its advantage is the high flexibility of the hole
wind determination and processing o:,stem.
The results of the measuring projects are used to get mor:. information about wind shear and turbulence
phenomena, and to parform investigations of the aircraft response. Furthermore it succeeds the development of
flight control systems as well as wind and turbulence engineering models for flight simulation and hazard
investigation.

N. The puOr"ee of o-baord wbud and fwbe/wew turuh-mfiea

On board of an air.raft wind can not be measured directly. Only by taking the vectordifference between the
Inertial velocity VK aod the true airspeed Y the windvoctor MW may be computed (Fig. 5). Following the German
Avintion Standard the wind components are defined in the earth-fixed coordinate system as shown in Fig. 6: A
wind blowing from the south represents a positive north component Uwe , a wind from the west yields a positive
east component vW . and a downdraft Indicates a positive vertical wind component. The components expressed
in earth-fixed coordlnates can be written in the following form:

vw "- vk -- "IV(l

[ J ]g = gE E [:g

with

w -H (2)ko

and the true airspeed components

u = V (coos coti - aose - easy + (3)
5

SinI (sin# sine cosy - coo# sin?) +

sine cool (cost sine coST + sin# • sin?))

v = V (cosc • coal • cosO sin? * (4)
5

cln• (sin# • sir.• sin? + cosl CosT) +

sine cool (coo* sine -sinT - sin* coas))

w V W (-cooe coop sine + sini - sin* • coo ÷ 15)

sine • coolp cost ooS)

The equ. 3-5 are representing the complete computation algorithm for the transformation of the true airspeed

components in the earth-fixed coordinate system considering any kind of aircraft manoeuvre (33.

Besides of the inertial velocity components (u vKg w Ks ) and the magnitude of the airspeed IVi five angles
have to be measured on-board the aircraft: He flow angles of the air relative to the aircraft (a, I) and the
attitude data true heading T. pitch angle S and bank angle 0. Since the air velocity sensors may not be located
near to the sensors for the inertial data. a corrective term 0, x J has to b% added, where L is the vector of the
angular velocity of the aircraft and L the distance from the inertial sensors to the air data sensors. For
approximate calculations this effect can be expressed by additional terms for the angle of attack and angle of
side slip:

£5 • l-Ae (6)

I - Ie - A-i (7')

with

-.....-- - - - - - :--
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SAma•- (0)

and

ri (9)
V

wher Is Is 1th" leigitudinal distante between the Inertial data seneers and the air date sensors. The sxpresolens
q and r are representing the pitch rate respectively yaw rate of the aircraft, which also have to be measured
on-beoard.

L. Thin h"Weant. Aed data "eseeeesg asetema of P"e research ahaerft

?J The mMaM o mufim of &J A,,SA,-

The AIRSUS wind shear project started in 1900 (2]. Subject of this research program was the invest gation of
character, magnitude and frequency of wind variations In the terminal area of airports. One requirement for
deocri~ing statistical properties of wind shear is to gather data from a large number of take-offs and landings.
Due to the medium and short range service of LUFTHANSA AIRBUS A300 in the european and the north afritan
region the high number of operatiens were guaranteed. The A300 is equipped with a modern Aircraft Integrated
Date System fer recording numerrus signals and sensor outputs about the flight conditions of the aircraft. Moet
of the required parameters shown in equ. 3-5 were available on-beard in one way or another. During normal
service air dat#A from the Air Data Computer (ADC)along with other signals is sent to the Flight Dats Acquisition
Unit (FDAU) which performs the signal processing for the Performance Maintenance Recorder (PMR), see Fig. 7.
In order to overcome legal problems in the field of collecting personal data and to consider flight safety aspects,
a second FDAU and PMR were inLtailed in parailel to the primary set used by the LUFTHANSA for their
maintenance purposes. Hence, an output sequence of 24 parameters with a sampling rate up tv 4 Wr could be
recorded independently of airline requirements.

One problem was t, make the INS-data available for acquisition. On-board no INS-data was processed by FOAU
for recording. Thus a special airworthy INS-interface had to be built and installed which concerted and reduced
the 32 bit serial INS-data bus (ARINC 501) into parallel 12 bit format for the digital input channels of the FDAU.
This interface box also was uwod to house a timer switching the PMN on and off and specific take-off, lanling and
go-around conditions.

The recorded raw-data have been converted by LUFTHANSA from PCM structure into readable data at the
University computer. Here an off-line data processing was performed according to *qu. 3-S. But it turnesd out
that an extensive post processing of the raw-data had to be performed, like filtering, wildpoint check and error
modelling, to got acceptoble accuracy of the results. The problem of influence of sensor errors on the accuracy
of wind determination will be pointed o0. liter on.

3.8 The moass- i oeAmbueof of the 00 O .IIe UN reearch &herrft

It is easy to realize that a high accuracy of on-board wind determination requires a specificiy equipped aircraft.
in this case the sensor equipment and its location can be chosen with regard to the specific requirements, and
calibration may be performed when ever it is required.

In 1980 the TU Braunschweig acquired the DO 28 aircraft from the BODENSEEWERK Goritetechnik (BOT) where
it was formerly used as a company research aircraft. Since then a CAROUSEL IV Inertial Navigation System.
powerful computer hardware and several sensors have been Inetalled. This was a prerequisite for the realization
of the on-line wind measuring systems.

The DO 20 computer system censists ef two digital computers (Fig. 6). in the main computer, a NORDEN 11/34
(military version of the POP 11/34). the wind vector Is calculated in real time at a sampling rate of 23 Ha. For
handling input and output of analog. digital and synchre signals a MUDAS proceesor designed by DORNIER System
is used. This processor also transfers these signals to the main computer. Meteorological data can be viewed
during flight on a CRT terminal of the main computer on an aiphnunemoric cockpit display. For example the average
of the wind vector and corresponding aircraft data like position. altitud', siading and flight time can be displayed
and may also he selected as output on the printer. Data steorage is performed by a PCM recording system, which
can sample 32 channels at 92 Hz on one tape rofterder. As aoother quick leek feature the flight path and th'e
horizosoal wind vector are plotted in real time on an XY-recorder. Fig. 9 shows an exomple with a ton second
average of the wind vector.

The location of the computer and the PCM hardware as well as the location of the eseential veneers in Illustrated
in Fig. 10.

Meet Dr.mtrs which are required for the wind vector determination can be measured directly except true
airspeed and the vertical speed of the aircraft. On-board the DO 20 the vertici speed is synthetically derived by
means of ceomplementary filter using the high frequency information of theo vertical acceleration signal and low
frequency information of the barometric altimeter. This filter obtains a 1-s-accuracy for the vertical speed of the
aircraft of about 0.05 rn/s (33. The true airspeed is derived in the ordinary way from dynamic pressure, static
pressure and total temperature.

it is planed a medium-term replacement of the DO 20 by the DO 120 research aircraft which has been acquired
by the TU Braunschweig in 1905. The DO 128 has &n air fraim similar to the DO 20. But Instead of two piston
engines it Ie equipped with turboprop engines, which give improvemente in flight performance and noise
ahetement.

The airdeta sensors are Ilocted at the tip of a new *..igned carbon fibre .empesit. nose boom about 3 m in
front of the aircraft nose. Available are the DORNIER flight leg er a five-hole prabs whic' -an be completed by
fixed wind vanes for meaeurement of the higher freqooncy turbulent fluctutites (Fig. II). The elgonfrequency of
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the nose boom including the sensor-moss is about 15 Ha. The cutting-off freouency of the fixed wind once is
roughly 100 Na. Hence, the lowest turbulence wave length which can be measured by this system has a value of 2
•metres.
The Inertial date are measured by a strap down inertial navigation system. a rioneywell LASER-NAV. The concept
for the date acquisition and processing system, which Is implemented at present. in illustrated in Fig. 12. ThLe idea
is to realize an integrated navigation system. Per the calculation of high accuracy position data a combination of
INS-data and date from a Global Position Sys$etm (working in a differential mode) is projected. Investigation
shows that this complementary system alo produces a flight path velocity calculation of very high accuracy,
which reduces the error in wind determination. The wind determination including the complete coordinate
transformation Is performed in the main computer, probable a ruggedizud Micro-Vax. For data recording a
streamer tape recorder Is used.

1. The AU#iATA AI"OPOC

The AERODATA Flugmofitochnill GmbH has devolepped oa aircraft and helicopter pod for application in air
pollution end meteorological research. It Incorporates ap on-boar4 measuring system for wind turbulence and
other meteorological parameters. This system Intgr ten, the whole .enser equipment (Fig. 13) like 5-hole probe.
temperature-, pressure- and humidity-prebes, INERTIAL NAVIGATI(LN SYSTEM, radar altimeter, as well as the
real time data processing system in a slonder body, which may be attached at a pylon under en aircraft wing or at
a wire beneath a helicopter. Like the aircraft Integrated system of the 00 28/12i the METEOPO0 performs real
time processing of the wind vector inclusively compensation of the aircraft motion and cemntisto processing of
navigation acid aircraft data. The specific ad-antages of METEOPOD are turbulence measurement with a sampling
ra.o of 100 Hz, extremely small distances between the different sensors and exchangeability between aircraft
and helicopter. There are no measuring results evailibl* up to now, because the in-flight test program with the
00 t2A research aircraft starts in ectobre 196?.

4. The a•et of 'ersr t me trem•e - the_ eaww of the wid ditelstm

An Important factor in estimating errors in measurement and in correcting aircraft wind determination are
In-flight callibrtienr Completed by speci;ic error models for the 3-dimensional wind determination a
far-reaching elimination of sensor errors can be obtained. The error effects ae demonstrated by a Ilhsar error
model, using the north component of the wind vector. The calculated value u We consists of the true component u
and its error Au:

u us.C' Uwe AuWe (10)

For the total error Auws the following linear model is used:

AVu 2w aA (1t)AweI • f•

The total error of the wind component Is the sum of all partial derivatives multiplied with the corresponding
sensor error Af I . The example In Fig. 14 Illustrates the errors of the horizontal wind copmonento caused by
errors in true airspeed and angular parameters. Thole are a function of the SINE and the COSINE of the true
heading while of course the error of the vertical wind component does not depend on true heading [32. As a
second general statement can be made that the wind crooonent errors, which are caused by angular parameters,
are directly proportional ta the true airspeed of the a, aft. This also meant an Increase in error magnitude of
wind speed and direction with Increasing true airspeed. A:g. 12 demonstrates this relation for the vertical wind
component. It can be seon from this figure, that in the case of level flight IT , 9 a 01 only errors in the angina of
attack and pitch anJ an error in the vertical speed of the aircraft contribute to the total error In the vertical wind

* component.

Because of the error behaviour of the horizontal wind components shown in Fig. 14, a reconstruction of sensor
errors or at a cembination of sensor errors can be carried out by flying specific flight pattern. Fig. If Illustrates
the calculation of the horizontal wind oompuntnts respectively the magnitude an. wind direction in a standard
turn (4]. Curve I shows the typical error behaviour. In curve 2 the error 3ffects ore eliminated using the above
mentioned linear error model. Furthermore this figure demonstrates, that the static slnolr errors essentially
effect the mean wind accuracy. Whereas the accuracy of the measured turbulent fluctuations are influenced by
the aensor dynamic.

5.Lb of ftk toot eseek. amid dee*ed ~ aod jee

A lot of wind and turbulence measurement have been carried out by moans of the AIRBUS A30C and the DO 2t
research aircraft in the field of wind shear Investigations. aircraft response on wind and turbulence as well as in
the area of meteorological experiments. Flight tests for the In-flight measurement of pollution transport in the
atmosphere also have been carried out In the middle of this year. In this case the simultaneous measurement of
the wind vector is an important factor for the Interpretation of the data. Samples of results of the different
r3seareh activities wil be demonstrated In this chapter.

In Fig. 17 results of the AIRBUS experiment are presented showing wind and temperature profiles in connection

*.**,..*i-*:
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with tempetrature linverseos. 0. the one head the*e exampleso indioto a algoifisaint influeco oflnoversene n wind
spieed tied direetlen. 0a the alethe hand tetemperature preflie s effecting the intensitly of ltorhelese.. There is a
mobh lowerz turhuisnee lotenelty~ shI the iWeWSR Isa oer compared with the regina befcath the inversion.
011viously a siample rate sf 4 NoIs euifflelet to Idealttl theses offects.
The n"at two onomrples feature reentero activities In the areo of low-level-jet phentemoe. whlsh hav. been
performed is eoseperatilen With the inst111t fair Metieorology sad Clmtuisgylo of tWn Uniaveraity of "angoiver. Fig. Is
ethe~ws e lh piefi of wined speed. dketlen rnad tempecrature of a low-level-jet meamestred by mosa of the
L A11111111115. This winod pbeomentiooni has been ten In the norther p rt fdrany approximately in lox
of alt nights f 83. Typical feisatue o rot

- a lot like wlind pr ofile Is esomnetien with Intensive greund based temiperature insersion

- loift I &ub-mee Intensity

- herletasiae hemangenIty of the wind fieild

Addlitlenel msieasring peants in the dliagroam orliginat from msset masussrement wih habew.be been performed Y0 to
100 lim distant tramn the alirpert Ilremeon. This undierlies the herlaisetal hemgeniaty of this pheoimenons.
Fig. 19 compares meaeieretsmsnts of the D020 reeearch aircraft, a meteoerological meet and data of a
low-levol-jet engiveering moel devolopped at the loetitute for Sulidsanco and Control Ill. The oixamplo shews a
good agroestont of the diferent meosursessist and the mede. Th'q eginnerlag mdel has been used for the
apprealmatlea of numedrous metasuried low-level-jots for kazoo d investlgatlene. tn a similar way Medeling of other
hazardous wind phenomena liks downburat and warm- and sold-fronts has boon performed (6].
In general a turbulent wind profile can be separated I% a large scale mean wind er trend and a short scale
turbulent portion (Fig. 20 ). The almulatien of the complete wind flow filed nay be synthesized of these two
portion*. Fig. Ill Illustrates tits analysets of the turbulent fluctuations and the fitting by the Dryden respectively
the v. Ntsrmiln turbulence model. Subject of this roessrcis Is the ovslusti~n of relations between the model
parameters and meteorological conditiens.
The last example relattes to 00 26 measurements of the wisd situatlen Influenced by a mot-italn ridge near to
Stuttgart airport. Investigations by mancns of very simple wind miodel concepts hae" demonstrated that flight
safety may he effected duringl tabt-of 1 and ga-around by loe-offeets of the hi llt I on-engine-eut operation (73.
The measured wind date indicate a much higher hazard level and ferce to correct the medel concepts. Fig. 22
illustrate* the results ef a tabs-*"f simulatioen with a. engine failure at v I using measured wind data. fhe
aircraft cnnr fit clear the obstacloes on the. hill as required under this cenisatlens.

This paper presents the principles of in-flight wind and turbulence determination aid the hardware realization of
on-board mossuri.*g and data processing systems. The results of several measuring projects Incl~didng tower
fly-by and comparison with ether refoernno data siehw a relative high accuracy i.i on-board wind computation. The
horizontal wind speed In calcuiated with a pr~clsion between 0.6 m/s and 0.7 m/s (Ie-voaiuo. For the vertical
wind component a precision of 0.3 m/s can bet statedlOut high measuring accuracy presumes extensive In-flight
calibration as well as the use of specific error models for the compensation of sensor errors. Further Increase h
precision may be obtained by modification of the measuring equipment. asepclailly by future installation of BPS as
an additienp.1 sensor system tn compensate the bad leing term accuracy of the INS-systemn. First flight tests with
different BPS raceivers have been performed just new and a research preject In this field will be started In 19as.
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Fig.l: Measuring aircraft AIRBUS A 300

Fig.2: The DO 28 research aircraft

Fig.3: The DO 128 research aircraft
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HATCHING P.S.D. - DESIGN LOADS

by
R. Noback

National Aerospace Laboratory NLK
P.O. Box 153, 8300 AD bneloord.

The Netherlands

SUIl4WAT

A method to match loads obtained with the Design Envelope criterion of the P.S.D.-nothod is presented.
Consistent sets of design load conditions can be generated using the correlation coefficients between the
loads.

Two of these sets are proposed for practical use.

1. INTRODUCTION

The Power-Spectral-Density (P.S.D.)-uethod for the calculation of airplane loads is based on the
assumption that atmospheric turbulence Ia a random quasi- stationary Gaussian process, acting as input to a
linear system, the airplane. The output, i.e. loads. acceleration*, stresses, etc. also .re quasi-
stationary Gaussian processes.

The calculation of design loads Yid with the P.S.D.-uethod can be based or two criteria as described
in references I end 2.

The first one is the Design Envelope criterion. The ratio of the standard deviations of the load and
turbulence is multiplied with a design valuie U to obtain the design load Yid"

- i

Yid AI U0  a' Ua (1)

It should be noted that here and in the following the design load or stress is the load or stress due
to turbulence. For the reel design value the IS-load has to be added.

The second criterion is the Nission Anslysig criterion. The number of exceedances of load level y
in a certain flight-segment (k) is calculated with

-~i, tk NikPlex - yi - "Lk)+ 2 exp ( Yi_ y uik (2)
Aik blk A ik b 2k

Aik is the ratio oI/ow and N01k is the number of zero crossings of load y, pertaining to segment k.

P ILI p 2k' b lk and b 2. are constants describing the atmospheric turbulence in segment k.

Ygik is the lg-load of load yt in segment k.

The total number of exceedances of load level y is obtained by summing Eq. (2) over all flight
aegmenta. The design load is defined as the load for which the number of exceedances is equal to the design
value N

Thfei,.S.D.-method produces the design loads, however not the mutual relbtion or phasing. If the
positive and negative values of these design loads are used to calculate a stress, depending on more than
one load, the design stress usually will be overestimated. Besides that the design loads will not be in
equilibrium.

Hence a method is needed to combine or match loads such that stresses as calculated with such a
combination of loads or design load conditinn will give a good estimate of the correct values of the
stresses.

In the discrete gust case design load conditions usually will be defined au the loads, occurring at
the same time, usually at the time that one of the loads is at its maximum or minimum value. Estimates
for the stress in a part of the structure can then be calculated for each one of the design load
conditions.

The maximum positive or negative value of the stresses thus obtained will be the design stress. It
will be clear that this calculated value of the stress will be lower than or just equal to the maximuL
value of the stress. The stress generally will have its maximum positive or negative value not exactly at
the tims that one of the loads reaches its design value (see Fig. 1).

A method to generate design load conditions or to match design loads, obtained with the Design
Envelope criterion of the P.S.D.-method will be described in this paper. Only the case with two loads
will be treated. The derivation for the general case with N loads is given in reference 3, only the 'esults
will be gIven here.

2. CORBRLATICN AND EQUAL PROBABILITY

In the P.S.D.-method it is assumed that atmospheric turbulence is a quasi-stationary ratdov process,
with Gaussian probability-density function (p.d.f.) and with normalized power spectrum # and standard
deviation o . This random process sets as input to a linear system, the aircraft. The outputs, loads and
stresses, hive the same properties as the input.

The power spectrum of the output y, is

(0) " °,iiw(4)I 29:(d) (3)

-...
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The ratio of the standard deviations of output y, and input w ia
.N °( w ) 1 2 ) •

Xiv 4:(" wtd-)l (4)

R iw()) is twhe transfer function of output y,
Accordn i the trequirements (Refs. I nd 2) the design load has to be calculated wLth

Yl tU. . t -" (51

Uc, is a deasin value and is prescribed in the requirements.

The p.d.f. of the load yi Is

Yt

axp -e (6)r2L() w at 2u2

and it follows that the prolhabilit• that load y is larger then the design load is

P(Yt > yid) f Pi(y,)dyi
Y:id

" ... rf. (7)

The outputs Yi and input: w are correlated. The correlation coefficient between outputs Yi and yj in (see

Ref. 3)

I 0 (i0 (jw)H* (jw) + Hw (jw)H (jw))* (w)dw (8)
ai a1 0 j iv V w

The joint p.d.f. o!- two loads y, and Y2 with correlation coefficient P12 is

2 2

a 1 002 2y I 2P12 
I 2 y2

P12,1 122 _ p 2( - o2 2 (9)
2wo~ 102/1 -p

2  [2
Any combination of loads y, end Y2 such that

Y2p2
Y_ 2_ 12 YI Y L2 Y - 2 2(0

a l 02 +2 2 (1-P12)1 2 'w

has the sawe probability density, namely

sl(''Z •"z% :-•"p - •"(11)
12 L

It should be noted that Eq. (10) represent an ellipse.

3. DESIGN STRESS AS FUNCTION OF 1"O LOADS

It will now be assumed thet stress q is a linear function of loads y1 and y2.

q - A1 YI + &2 Y2  (12)

The coefficients aI and -2 depend on the dimensions of the structure.

The design value for the stress q can be calculated with

q-d Aq Uo (13)

in which can be nxpressed ae

iq- - r - .1
q Ow qv qv w J

- [0 I(

[- q()2 . (14)
iw
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From Sq. (12) follows

Hqw(Ja) - HI Hl1 (jW) + a2 Hw(jOW) (15)

This gives with Eq@. (8) and (14)
2

2 - .2 H 1 ,(J )Hlv(J) + a2 +q 2 0

+a s2 Hl(Jw)E2w(Jw) + a• iv(jw)H2v(Jw))#w(w)d-

2{ o 2 + 2.I e2O2° 2+2 2 2
} I a2 P1 2 01 02 + a2O0)/%G (16)

It should be noted that stress q is a linear function of the Gaussian processes yt. This implies that
q alsa is a G~uesian process with p.d.f.

P(q) -- Ti. (17)

The probability that q is larger than qd Uo ia equal to the probability that load y is lardes tht

Yid " &q U (Eq. 7) q

P(q > qd) I - rf 2--/) (18)

The processes Y (t), y2 (t) and q(t) - a1 y (r)• + a y (t) are outpita of a system having as Input the
Gaussian proces W(t). It will be clear thic if q is equal to its design value qd' that then yj and Y2
can have all values that satisfy

a1 Yl + a2 Y2 , qd (19)

It can be shown (see Ref. 3) that the p.d.f. of y, under the condition that q - qd is a Gaussian p.d.f.
with mean

qd U
ý1 . Piq a1 -a _ P - - . (20)

Oq " Iq I ow Plq Yid

end stundard deviation

/1-2
S- " 

0
1 (21)

The design loae condition, having the highest probability under the condition that q is equal to qd' is

Yl " Plq Yld and Y2 " P2q Y2J (22)

The correlation coefiicients P1q and P2q are (Ref. 3)

S 1 a l + P12 *2 02 P12 'l 'I + 02 (23)
01q 

0 
q P2q " a(3

aq aq
The design load condition aJ given in Eq. (22) defines the "optimal'design load condition for stress q
wjith coefficients a, and a 2 .

Toe locus of the loads j, and 2ill now be determined. The loads y1 and Y2 will be expressed inSthe non-dmens~crisl form Y ilY

Yl Y2
"d X2 - - (24)

The non-dimLneional deaisn loads are
- n.L I n + p 12 '2
xl l Plq . Oqy1  ___d_

- Y2 P1 2 n2 + n 2Z2 YdP2q 
0

q (25)

In which nI at aI

and (see Eq. 16)

2 +2p 1 2 n. + a2 (26)
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Eq. (19) becomes with loads j, and '2qdaq - o - nI xI + n2 X2  (27)

Solving Eq. (25) for n and n and inserting the result in Eq. (27) gives the relation between x- and x
The locus of the pointl (al 22) is the ellipse 1 2

xI + 2 p12 xl x2 + x2 .1 - PI2 (28)
1 K2  P12

This equation represents the same el'ipse as Eq. (10).
An ezample is given in figure 2.

Eq. (27) represents the tangent to the ellipse In point (X' 2• This poino represents the optimal
design load condition (Eq. 22).

The distance from the centre of the ellipse to this tengest is

q
D (n, n2 )V (29)

22

The coefficients a8 end af . and thus n snd n2 are not known in the design stasge. Besides that for variois
parts of the atru aure di ferent valud of a1 and a are valid.

All points on the ellipse have the same probability as the optimal design load condition. Suppose that
another design load condition is chosen for the calculation of stress q, for example with parameters kI and
k2 Instead of nI and 02 (see Fig. 2).

k I + 012 k 2 0 kI + p1 2 k 2  U00
k or - a Ik a

2 _P12 k + k 12 k + k2  U0 ox - or '2 a (30)2 ak Y2  k 2a
with

wih2 2+ Itt+ 2

- kI + 2 p12 kI k2 + k2  (31)

The stress that will be obtained with these values of the design load condition is

qe 'I l + a 2 Y2

nI(kI+ 12 Uk 2) + n2(P 1 2 k1 + kI2 ) Uo
a ok OW

Uaq a (32)
qe aw

The line through the p,- ',,- )) es defined with the parameter values k, and k 2 - and parallel to
the tangent as given .n Eq. (2') ti (see Fig. 2)

nI 'I + n2 x2 ' Oqe (33)

The distance from the centre of the ellipse to this line is

aD klk2 g (34)

It can be shown for N • 3 (Ref. 3) and it is easily visible in figure 2, that the estimate a is always
smaller than or equal io o , or <(q . qe

From the foregoing cat be c•€cudhd that combinatiors of loads y and y can be defined that have an
equal probability density. The locus of these design load conditions Is an ellipse, that has as a tangent
the line representing the relation between the design stress qd and the loads y, and y2. Each combination
of parameters k, and kI defines a point on the ellipse and each point on the ellipse defines an estimate
q, I qd. One point on &ie ellipse (the point of contact with the tangent) gives the exact value of qd"

The locus In the case of N loads in an N-dimensional second order surface. for N - 3 an ellipsoid.

4. DESIGN LOAD CONDITIONS

As shown in the previous paragraph any point on the ellipse can be chosen to represent an equal
probability design load condition. Ar in the case of the discrete gust design load conditions, care must be
taken to choose meaningful conditions (for example in the discrete gust case, those conditions for which
one of the loads attains its maxinium or minimum value).

Two sets of d-sign load conditions will be proposed for practical use. The first one, the correlated
design load conditton is comparable to the discrete gust case, where maximum loads are combined with the
loads occurring at the eame time. The design load conditions in the discrete gust case will produce
relatively low estimates of the design stress If the phase differences between the loads are large. The
saw will be true for the correlated design load conditions if the correlation coefficients are small.
Therefore a second Pet of design load conditions, the "eigen-vector" loads is proposed.



1. Correlated design load conditions
lach design load condition consists of on* design load plus the correlated values of t'-s other loads. This
is analogous to the discrete gust case. where each design load condition is composed of one design load
plus the values of the other loads at the sea* time that the first load reaches its meximan value (see
Pit. 1).

The two design load conditions can be genersted with,

condition 1 condition 2
k 1 0
k2 0 1 (35)

The result is

511 " Y7 d 521 ' P12 Y1d

Y12 " Pl2 
7 2d Y22 " Y2d (36)

The correlsted design lend conditions for N loads are

condition 1 2 3 ....... N

Yld P12 Yid P13 Y1d .........

012 72d Y2d P23 Y2d .........

-" 13 Y3d P23 Y3d Y3d ......... (37)

P14 Y4d .......... ..................

PIN YNd P2N YNd ............... YNd

2. Rigen-vector design load conditions
The second set of design load conditions will be defined as the loads that are represented by the end
points of the main axes of the ellipse.

These points can be diteruined using eigan-values and oigen-vectors of the matrix R with the
correlation coefficients. This vwil be shown for the 2-dimensional case.

The sigen-vector K is defined with the set of equations

K1 + P 1 2 K 2 + .... -A1 (38s)

P12 + K2 + Al• 2  (38b)

The values of K define the direction of the main axes.
A is a scale factor.
This set of equations has a solution only if the determinant is equal to zero.

1-A P 1 2 .....

P12 - -0 (39)

This is an Nth order equation in A, giving N roots or igesn-values AV For N - 2 follows

Al + P1 2  A 2 I - P 12  (40)

Inserting these solutions in Eq. (38) gives

for A1  K 1 (41)

forA2 : x2 1 -22

The normalised eigen-vectors will now be used to define the design load

l l 1 221 
1

(42)

k 12 1 k22  K 22 1

11 K12 421+' 22

The dasign load conditions become (see Eq. 30)

- kll+ P12 k1 2  - k 2 1 + P 1 2 k 2 2
ill Oki Yld Y21 " Ok2 Yld

- P12 kll+ k1 2  - P12 k21 + k22 3)

Y12 Oki Y2d Y22 'k2 Y2d

-
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It can be proven that 2ak A (Ref. 3).

Sto the 2 dimensional caset

2 2 2
, a~~k1 k1 l + 2pI 2 kll k 1 2 + k 2 " +p#1 2 (" hi)

ak2 k 21 + 2 P12 k2l k22 + 2'2 "1 - 12 Ad 2)

From equations (38a and b) follows

k11 + P12 k 1 2  A,1 kll k21 + P 1 2 k 2 2 " A2 k2 1

P12 k11 + kl2 ' I k l2 P12 k2 1 + k22 " A2 k22 (45)

These results inserted In Eq. (43) gives

1• 7 " N 1 1 1Yd i21 V-- 2 1 Yld

ý12 A I' k 12 
7 2d i22 - 2r k2 2 y2d 

(46)

or

i'll / + 2 P12Yd i2l " - 2 P 12Yd 
(7(47)

51 1+2 P1 2d i'22~ ' I2P2 Y2d

The eigen-vector design load conditions for N load@ are with K a. the normaliased eigen-vector:

condition 1 2 N

"A1 KII Yld 012 "21 Yld ........ VAN 'NI Yld

/A; K1 2 Y2d /
1A2 K2 2 Y2d ........ /AN KN2 Y2d

I" /Ai K13 Y3d A 2 '23 Y3d ........ VAN KN3 Y3d (48)

.. .. ....... ....o . . . .......•.o ................ oo ..

"'1 1 " IN YNd /4 2 K2N YNd ........ A KNN YNd

The design load condition eare presented in figure 3. The poiut opposite to the ones defined above produce
the same design load conditions, however with opposite sign.

The design load conditions as defined have special properties. When the design in finished and the
dimensions have bean defined it is then possible to calculate the correct value of the stress q - q . Of
course the correct value can be calculated also with Eq. (16). using the a and p values. Amaeuing,
however. that only the design load conditions are available to the §ýrese offic

1
•, the !aign-streaa can be

calculated with the following rules.

a. Using the estimates q of the stress as calculated with the correlated design load conditions.
The square of the des-gn!-tre•s q in equal to the sum of the products of the i-th estimate and the
stress due to the i-th design-loil.

2
q 2 . aYid qoi (49)

The escimates q*a in the 2-dimeLsional came are

l "el 
7

ld + a2 012 Y2d

(50)
q e2 'a 'P12 Yld + a2 Y 2d

Inserting this in Eq. (49) and using Eqs. (5), (13) and (16) proves the rule for the 2-dimensional case.

b. Using the estimates of the stress as calculated with the eigen-vector dea/sn load conditions

The square of the stress qd in equal to the sum of the squares of the estimates

2 2-d £ qei (51)
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The estimates qet in the 2-dimensional came are

%~I " rl"Yd + a 2V __-" Y2d

- (52)
n 'I +l • d a 2 7Y2d

Inserting this In Sq. (51) and using Eqs. (5). (13) and (16) proves the rule for the 2-dimensional case.

Proofs for these rules for the N-dimenosional caoe are given in reference 3.

It alsa is possible to define design load conditions that provide a loaer and an upper limit for
stress qda These conditions are described in Appendix A.

5. DISCUSSION AND CONCLUSIONS

It has been shown that it is possible to generate equel probability design load conditions using
P.S.D.-design loads obtained with the Design Envelop* criterion. and the correlation coefficients between
these loads. The correlation coefficients can be calculated easily together with tha I-values.

The matrix of correlation coefficients can be used to define an N-dimensional surface. For the 2-
dimensional case this surface reduces to an ellipse. Each point on the surface define@ an equal probability
design load condition. It can be ahown (Ref. 3) that such a condition is In equilibrium.

Each design load condition can be used to calculate an estimate for the stress in a point of the
structure. Each estimate is lover than the correct value. Only one point on the N-dimensional surface
represents a deaign load condition, that will give the correct value of the stress.

Two sets of N design load conditions are proposed for practical use. They have bean chosen such that
It can be expected that at least one of the estimates will deviate not too much from the correct value.
This however can not be guaranteed. Fortunately the chosen sets of deaign load conditions both have the
property that the correct value of the stress can be calculated, using the estimates. This knowledge
can then be used to redefine the dimensions. Note that viti. the discrete gust method such a check is
not possible.

The method also can be used to generate design load conditions for the complete structure, for example
tie wing. A problem arises if stresses have to be calculated for a section of the structure for which
the design values of the loads and the correlation coefficients have not bean calculated. It then seems
a logical approach to inferpolate within a design load condition. This however leads to inconsistent
values of both loads and stresses in that section.

The same problem arises in a discrete gust analysis if the design load conditions are defined as the
loads occurring at the same time. This problem is discussed in more detail in reference 3. A possible
solution is to interpolat between the corresponding design loads and correlation coefficients of the
adjoining sections.

A numbar of hints, that my be useful in the application of the method is given in reference 4.
The methods for the determination of equal probability design load conditions can not be used if the loads
are obtained with the Mission Analysis. The correldtion cousficiente in that case are not defined. However
it Is possible to approximate the equal probability desian load conditions. The correlated design load
conditions in that case consist of the median value of the loads under the condition that one of the loads
exceeds its design value. The derivation and also the application is rather involved. A description is
given in reference 3.

The support of the Netherlands Agency for Aerospace Programs (HIVR) for this investigation is
gratefully acknowledged.
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APP3SIX A Upper and lower limit design load cooditione

One possible set of design load conditions that will produce conservative estimates of the stresa,
consiota of the combinations of positive and negative values of the design 1lods. The estimate of the
stresa calculated with these design load conditions (d.l.c.) will be (much) higher than the correct value
oi the stress 41

In the following will be shown that it is possible to define d.l.c. that produce at least one value
for the stress larger than q1I but generally such lower than those obtained with the design loads. The
mazimum possible error can br established. Using this result. d.l.c. will be defined that give a lower
limit for stress q .

The proposed lonservative d.l.c. are based on the eigen-vector d.l.c. In the case of N loads also N
sigen-vector d.l.c. are defined. The conservative d.l.c. in this case cansist of N sets, each consistins of
2 to the power N-I d.l.c.

The m-th met in equal to the m-th eigen-voctor d.l.c. plus or minus a fraction c of each of the
other aigen-rector d.l.c. The I-th d.l.c. of this set can be presented in vector notation with yj as the
J-th eigen-vWctor d.l.c.. as

%-I N
9 at "c l.1 t I j + j. + "l+z * ij (Al)

The A-th d.l.c. is defined with one of the possible 2"-1 combinations of plus and minus signs.

The stress due to an eigen-vector d.l.c. is

j a i" (A2)

and it follows that tie stress due to the d.l.c. of Eq. (AI) is

in-I 11
£e q., + q5m+ c EI iq (A3)J-I q q j-•+l ge

The maximust estimate for the stress, as produced by the s-th set is equal to

In- N
qom -c € Iq5  + +1%.1 + cI j Il (AM)

I-1 J-10+1-

One of the estimates Q will be the largest one. Without loss of generality it can be assumed
that it is the tstimattof the first set, hence

* a4 a• - 2, N (A5)

It follows that

I N
.1 - Iq.11 + c I 1qI + c Iq.I + c I Iqejl

J-2 J-m01+

,-I N
c 1q11 + c x 1q. I+ iq.I + c I q I -

or

1q.11 X Iqs.I if c . I (AM)

It will now be shown that the estimate Qsl is a conservative estimate for certain values of c.
The square of o, is8

2 ~ 2 2 N ~l ~ l 2
401,1 " 1 + 2c 1%1l E1 q.• Isj + C Il" j

N 2 N2

1 q 0 J :2 2 c1 ( q . l - . + 2 . 1 q )

J-. J-2 2 J-2

+ c2 N 2 €2 N
IqsJ +c - Iq j z 1q. 1 I with i 0 j (A7)

J-2 J.2 i.2

The sum of the squares of the estimates IqeIj of the aign-vector d.l.c. is equal to the square of

stress q. sod it follows that

2 2

E (2c- I + c) 2 qej +

N \ N N

+2c X (IqI IqIj) • I +c2 I I. x Jqi ()
,-2 -2- tj e -2 (A1.

S. ... I
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The relative error to

I- Rt . (A10)

withl 7 (Al

This value should be pouitive, but ea aousl s poseible. The last term of Eq. (Ag) is positive. The
secoed term iu positive for c 2 0. because IqiI k.[ I.
The first torm is sero or positive if

2C - I + C2 & 0 or c iA V - I (A12)

This also turns out to be the lowest allowoble value of c. Assume that q - 0. except for J I I end 2.
The third (positive) tear of Eq. (A9) is equal to vero sod this equation bosaesI o (2c - I + 2 ca ÷2 € j 2 q J - 2

%2 + i(12 %1 o
-- (1 - c

2
) q2 + 2c qo1i q21 (AM3)

The ratio jq.21 /1%11 rsnges from ner* to one and it follows that K and thus F ere positive if c is equal
to V2 - 1I

The maxisn value for F is obtained as follows.
Assume that the derivatives OF/Sq., (j - 2. N) are established. Then for syometry reasons the extreme

value if It erwets. will occur at qe 2 - q*3 - "' RON"

Inserting this result in Eq. (A9) and (Al4) and taking the derivative &F/lq%2, taking into account
that c - V2-1 it is found that

qe2 ' q* 3  . - qoN " c qe, (Al4)

This result inserted in Eq. (Ag) and (All) gives

F - (N-I) c2 (AIS)

and It follows that
2

0 S F S (N-I) c (AM6)

In the table the number of estimates and the maximum possible relative errors are given for some
values of N

number of ct-insa s maximum
correlated + conlryative relative

N Olgn-values N.2 error

___________ vrl-+F- I

2 4 4 0.0824
3 6 12 0.1589
4 8 32 0.2307
5 10 80 0.2986
6 12 192 0.3630

The conservative design load conditions as defined in Eq. (Al) with c - V2-1 produce an upper limit for
stress qd. It it now also possible to define a lower limit for stress qd"

From Eq. (AI0) and (A16) follows

qd Z 4 S Rd .y (A17)

4 is the maximum estimate obtained with the upper limit d.l.c..
1. (A17) can be writtet' as

qd q
A .'l qd (Ale)

and thus
4.

S• S qd S 4, (A19)

The lover limit a for qd can be obtained with the lower limit d.l.c. (see Eq. Al)

fat ... (A20)

It can be shown that the points representing the lover limit d.l.c. are located on the N-dimensional second
order surface representing tht locus of the equal probability d.l.c.. The upper and lower limit d.l.c. for
the case N - 2 are shown In figure Al.

The correct value for qd can be expressed as a function of the estimates. It can be shown that
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A SUMMARY OF METHODS FOR ESTABLISHING AIRFRAME DESIGN
LOADS FROM CONTINUOUS GUST DESIGN CRITERIA

Pchard N. Moon

Design Specia.!i Senior
Dynamic Loads

Lockheed Aeronautical Systems Company

P.O. Box 551, Burbank, CA 9.1520 USA

SUMMARY

Continuous gust design criteria for airframe design arc specified in FAR 25, JAR-25 and
various United States military spec;ications. Two forms of criterion, the design envelope
approach and the mission analysiq, are usually referenced as "an acceptable means of compliance."
However, these criteria do not provide methods of applying the statistical results to the design of
the structure. Development of such methods is left to the imagination of the airframe
manufacturer, subjec, to the approval of the certifying agency. Some of the methods that are
currently used by United States airframe manufacturers are summarized here. Continuous gust
design requirements from various certifying agencies are reviewed. A brief discussion is also
provided on the methods employed to include the effect of the L-1011 Tristar active-controls
wing load alleviation system on the loads due to corrective roll control in turbulence.

INTRODUCTION

This paper is composed of three related sections.

First, a brief review is provided of continuous turbulence requirements specified by various

certifying agencies. It is the purpose of this review to provide background material for the
reader. Design gust load continuous turbulence psd requirements are quite consistent in their
essential aspects among all certifying agencies. Discussion of some of the underlying concepts
that contributed to current design gust criteria is includea. Much of the discussion reflects the
work of Frederc M. Hoblit as presented in a pre-publication version of Reference 1. Mr. Hoblit
was the Lockheed-California Company lead engineer on the FAA contract during 1964 - 1966
that resulted in report FAA-ADS-53, which provides the basis for current continuous turbulence
gust loads requirements.

The second part of this paper deals with the problem of applying continuous turbulence design
criteria to the design and sizing of structure. In short, what do you do with psd statistical
parameters after you have them? There has been very little written with respect to practical
application. A summary of some of the methods used by United States airframe manufacturers
is presented. These methods are dependent on the nature of the airplane to be analyzed
(similarity to prior designs and anticipated operation), the criticality of the structure to gust
loading, and the complexity of the structure. Different methods are often applied by the same
manufacturer in the analysis of different airplane configurations, or for that matter, for different
components of the same airplane. Because a mixture of procedures is likel, be used by all
companies, these methods are not associated with a single company, but are presented as A

cOMPOSite.
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As the use of active controls becomes more prominent in mnodcrn aircraft design, the adequacy

of the continuous gust design criteria and the associated methods of assuring adequate strength

become of concern. The last section of this paper -provides a summary of the studies that were

performed to include the effects of the Lockheed L-ll0 Tristar active control system on the

determination of gust loads. The active control system developed for the L-1011 Tristar included

a wing load alleviation system. Although wing loads due to gust wyere significantly reduced,

loads due to corrective roll control in turbulence were unaffccted and, as a result, became

significant. Considerable modification of the standard psd design gust procedures was required to

account for this effect.

REVIEW OF CRITERIA

The FAA incorporated explicit continuous turbulence power-spectral gust loads criteria into

Appendix G of FAR 25, Reference 2, in September of 1980. These criteria were the result of

nearly 20 years of study involving close coordination between the FAA and the manufacturers.

The first attempt to develop a comprehensive set of power-spectral gust loads criteria that had

general applications was the study conducted by Lockheed-California Company in 1964 - 1966,

under contract to the FAA. This study produced two reports; FAA-ADS-53, "Development of a

Power-Spectral Gust Design Procedure for Civil Aircraft," Reference 3, and the companion report

from Boeing, FAA-ADS-54, Reference 4. The criteria formulated in FAA-ADS-53 were

imnmediately recognized by the FAA as an "acceptablc means of compliance" with the

requirements of FAR 25.305(d). At that time the only requirement was that "The dynamic

response of the airplane to vertical and lateral continuous turbulence must be taken into account."

FAA-ADS-53 provided the basis for the current Appendix G to FAR 25, and for that matter,

it provided the basis for all current continuous turbulence criteria regardless of the certifying

agency. The primary difference between the criteria prescribed in FAA-ADS-53 and current

criteria aie in the specified design gust velocities and their variation with altitude.

European civil regulations as of January 1987 are specified in JAR-25, Reference 5. The

continuous gust psd design criteria given here are identical to those given in Appendix G of

FAR 25 with one major exception. JAR.25 makes no reference to reduced design gust velocities

for airplanes similar to tlose having extensive satisfactory service experience despite a lower gust

velocity capability. This will be discussed later.

The US. Air Force and Navy are in the process of updating (simplifying) some of the

military specifications. The Air Force Document, for example, is MIL-A-87221(USAF).

However, US. Air Force requirements for power-spectral determination of limit design gust

loads are still as given in MIL-A-008861A(USAF), Reference 6. This document was first issued

in 1971. The specified power-spectral gust criteria are essentially those of FAA-ADS-r-,3 for a

mission analysis with design envelope floor. The scale of turbulence values, L, have been

reduced at altitudes below 2500 feet and the gust intensity parameter values, b's, have been

correspondingly adjusted. Provision is also made for evaluati..ig mission analysis loads on an

ultimate as well as on a limit basis. The same basic criteria were published in SEG-TR-67-28 in

1967, Reference 7. The normalized power spectrum specified for the criteria is the Von Karman

representation.

Prior to 1986 the U.S. Navy requirements did not require power-spectral determination of limit

design gust loads. However, MIL-A-8861B(A3), Reference 8, issued February 1986 supersedes MIL-

7 --i-.--~- ~~I
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A-8861(ASG) and specifies essentially the same requirements for power-spectral determination of
limit design gust loads as MIL-A-008861A(USAF).

Gust fatigue ard design load psd requirements for both services utilize the missi, n analysis
approach. Discussion in MIL-A-87221(USAF) does provide for the use of "envelope imit gust"
which is similar to the Design Envelope criterion provided in FAA-ADS-53.

Basic Forms of Crieteion

As specified in Appendix G of FAR 25, power-spectral gust loads criteria are presented in two
basic forms; the design envelope analysis and the mission (flight profile) analysis. Provision is
also made for a modification of the design envelope analysis (i.e., reduced design gust velocities)
that considers the service experience of existing airplanes.

In the past, two shapc3 of gust velocity psd were commonly used, the Von Karman and the
Dryden. Currently, however, the Von Karman psd representation is specified by FAR 25, JAR-
25 and the US. military specifications for use in both the design envelope analysis and the
mission analysis.

The response of the airplane in vertical and lateral turbulence is characterized by the response
parameters A and NO. *A is defined as the ratio of root-mean-square, rms, incremental load to
root-mean-square gust velocity, expressed as:

"A--- w I" Eq. (1)
oW [ofo+,(Q) clQ

No is defined as the characteristic frequency of response (the average number of times per
second that the response crosses the value zero with positive slope) and is expressed as:

N- - [ Q 2[H j2, (Q) Q 2 Eq. (2)2 y 2 QCJfly2wQ
where, ON [ Qc. ,1 2 ) dQ

o - spatial frequency, radians/ft.
cc - cut-off frequency, an upper limit of integration used in calculations, chosen such that

the calculated integral adequately approximates the integral from zero to infinity.

0 (0) is the Von Karman power spectrum for vertical-lateral gust pod's, plotted in Figure 1.

2L 1+8 (1.339LO12

- 1 + 11.330L1.9)

L - scale of turbulence
ow - rms gust velocity

Design Envelope Criterion

The design envelope criterion is similar to past discrete gust criteria as well as to current
limit design maneuver loads criteria. Operational usage of the aircraft is ignored. Instead the
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aircraft response is evaltatcd for a specified design envelope of speed, altitude, gross weight, fuel
weight, and center of gravity, c.g., position. For the load (response) quantities, y, that are of
interest, A's are obtained by dynamic analysis. The limit design value of y is given as:

Vdesion "yd '' 0w) -d (A Ow)l d (aw d" Ai Eq. (4)

where,

aw - design rms gust velczity

ild - design ratio of peak to rms values

SA is from the dynamic analysis

__i
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The quantity U0 is the product of a design rms gust velocity ao and a design ratio of peak

to rms values, •1d" U. has the units of velocity and can be thought of as a continuous

turbulence design gust velocity. The breakdown between ow and is shown here to help in

visualizing the criterion; only the product Uo is specified.

Uo can also be expressed as a design value of y/A; that is,

A - UoEq. (5)

Design values of U0 are specified as a function of altitude, much like the Ude values of

discrete gust velocity. UO , however, is a true gust velocity and Ude is an equivalent gust

velocity. Values of Uo , at speed VC , are defined as 85 fps true gust velocity from an

altitude of 0 to 30,000 ft with a linear reduction to 30 fps at an altitude of 80,000 ft. The

variation of design U0 with altitude at V is included in the comparison of design velocities

given in Figure 2. At speed VB, Ua is taken as 1.32 times the VC val'2es and at speed VD,

0.5 times the VC values.

Reduced U0 Requirement

Appendix G of FAR 25, Item (b)(3)(i), provides for reduced design values of U
Specifically, "Where the Administrator finds that a design is comparable to a similar design with

extensive satisfactory service experience, it will be acceptable to select Ua at VC less than 85

fps, but not lea than 75 fps, with linear decrease from that value at 20,000 feet to 30 fps at

80,000 feet." A plot of the variation of U with altitude is included in Figure 2. To apply the

reduced Uo values requires that:

1) Transfer functions of the new design are similar to the prior designs.

2) Typical missions of the new airpline are substantially equivalent C) that of the similar
design.

3) The similar design should demonstrate the adequacy of the U selected.

This modification to the design envelope criterion came about from an AIA proposal to the

FAA after extensive studies of mid-range to long-range transports, such as the L-1011, DC-9 and

DC-1O, and the Boeing 727, 737, 747, 757, and 767, that showed U of 75 fps at VC was

adequate under FAR 25 Appendix G for this type of transport. The higher Ua values specified

by the basic design envelope criterion are more appropriate for the lower cruise altitude more-

severe types of operation. The more-severe types of operation are represented by short range or

commuter operations where cruise altitudes of 20,000 to 30,000 feet are typical. The mid-range

to long-range airplanes normally have cruise altitudes in the vicinity of 35,000 feet.

The requirement of similar transfer functions to qualify for use of the modified design

velcitie does not seem to be particularly relevant. Operation of the airplane is a much more

significant consideration. It is logical to assume that the mid- to long-range transports could be

classified a single type of airplane having satifactory service experience- new airplanes in this

catagory should then qualify for use of the reduced U0 design velocities.

It was noted earlier that JAR-25 makes no reference to modification of the U0 design

velocities, nor does FAA-ADS-53, which is referenced by JAR-25. Depending on the methods

used by an individual manufacturer and the service history of their past airplanes this may or
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may not cause some hardship. If the design gust loads for a specific airplane are obtained using

the mission analysis criterion, later studies of derivative aircaft can e0sily hc rplated to the

original mission analysis in much the same manner as a design eiwtw1-r.-p aaaysis (i.e., by

womparison of predominant mission analysis flight conditions). l% Ui:a 'n.•crce, lack of the

reduced Uo design envelope criterion should not cause significant rvoble- ..aAkthods are being

proposed for JAR-25 evaluation to define a reduction of PSD gust inter.sizy i. le-s than 85

ft/sec.

Mission Analysis Criterion

As originally developed in FAA-ADS-53, the mission analysis approach was a "stand alone"

method. It was, however, suggested that the most appropriate criterion would be a combination

777 -~.- -. ~ U7ý
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of the design envelope approach and the mission analysis approach. Combining these two
approaches now constitutes the Mission Analysis Criterion specified in FAR 25, JAR-25 and the
various US military specifications.

In addition to a mission profile analysis the Mission Analysis Criterion requires that a design

envelope analysis be performed similar to the design cnvelope criterion, but with reduced U.
values to provide a design envelope floor. The U. values at VC are specified as 60 fps from
0 to ?0,000 feet with a rincar reduction to 25 fps between 30,000 feet and 80,000 feet. The
VB and VD values arc still 1.32 and 0.5 times the VC values, respectively. The variation of
Uo with altitude for use with the mission analysis is also shown in Figure 2.

The mission analysis approach is based on "Rice's Equation". first published in Reference 9.

Rice's equation is:

N(Y - o y Eq. (6)

This equation yields N(y), the number of crossings of a given y, per unit time, with positive
slope. No is the number of zero crossings per unit time with positive slope.

Application of Rice's equation to determine frequency of exceedance as a function of load
level requires that the equation be modified to accommodate one or more mission profiles. The
mission profiles represent the expected utilization of the airplane. Each profile is divided into a
number of mission segments to account for variations over the flight profile of the various
parameters affecting A and No and the variation with altitude of the expected ow exposure.

The required modifications to Rice's equation result in the following expression.

N I -[Y - Y19l) + 2 ly - Y10E]q (7)
N(Y) - '" ENO [1P, Wx ( ) P2bp b2"A J•] 7

where,

t - fraction of total mission time in each segment

y - net value of response quantity

Ylg - value of response quantity in one-g level flight

I denotes summation over all mission segments

A, No - parameters determined by psd dynamic analysis

Pi, P,, ba, b, - parameters defining the probability distributions of rms gust velocity.
Ihese values are shown in Figures 3 and 4.

This expression provides frequency of exceedance curves from which the limit gust loads are
read at a frequency of exceedance of 2 x 10- exceedances per hour. The parameters, P,, P,,
b,, and ba, depend only on altitude. By setting yg equal to zero, the variable N(y)/N° can be
plotted versus y/A to produce the generalized exceedance curves shown in Figure 5. Actual
exceedance curvei to be applied about the one-g flight load, can be obtained by multiplying the
ordinates by No, and the abscissas by A, for the specific load quantity and flight case desired.
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Mission Profile Generation

The generation of realistic profiles is not a particularly straight forward procedure. It requires
ingenuity and judgment to apply information from a number of different areas that includes
outside sources. For example, development of realistic profiles for a commercial transport requires
knowledge of the target airlines' current and anticipated route structures, probable passenger load
factors, and cargo loading practices.

Mission profiles should reflect anticipated operation'il usage for flight parameters such as speed,
payload, flight duration, c.g. location, passenger load factor, etc. A number of different profiles
can be generated to reflect significant variations in anticipated usa'ge from one operator to the
next. However, the profiles should still reflect the composite of all operations, rather than themost severe.

Design loads obtained from a mission profile analysis are not normally increased simply
becaue utilhution by a new operator is moderately more severe that arnticipated in the original

. ÷ • .• , :. •: , . _ , : . -. • ,
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minion analysis. In most instances, the effect of a single operator on the frequency of
exceedance of limit or ultimate load for the fleet as a whole (all operations) is small enough
that no change in loads is required. It is recommended, however, that such changes be
qualitatively evaluated.

A number of profiles are normally generated to adequately represent variations in profile
distance and duration, cruise altitude and M," ch number, payload (both passenger load factor and
cargo), fuel, and pilot training or check flights. Plots of' a representative mission profile,
developed for the L-l0ll-l, are shown in Figures 6 and 7. Typical segmentation of that profile

is shown in Figure 8.

Flaps-extended segments contribute to wing fatigue, flap fatigue, and may affect limit
horizontal tail loads, but they do not contribute significantly to wing limit load exceedances. The
flaps-extended segments arem therefore, not shown in Figures 6 through 8.

The parameter values to be used in the definition cf the mission profiles must be selected
with care. This is illustrated in Figure 9. Two samples of airspeed data for the L-1011-1 are
shown. In the upper sketch an airspeed of 290 knots based on a simple average is reasonable.
However, the airspeed range is so large in the lower sketch that a simple average Is not realistic.
This is demonstrated by considering the airspeed to be represented by high and low speed
segments with the average speed in each segment used for analysis. In this representation the
contribution of the low speed segment to the exceedance curve is negligible and the high speed
portion contributes half as many cycles as the total distribution but with a conr-crably higher
average speed. The increase in loads due to the higher speed has a greater effect on the
exceedance curve than the reduction in cycles. In this case a weighted average should be used.

Mission Analysis or Design Envelope ?

The question arises as to which form of criterion, the mission analysis or design envelope, is
most applicable for determination of limit design gust loads of a specific airplane. The answer
is not always clear;, both have advantages and disadvantages.

Historically, before the introduction of power-spectral methods, the design envelope type of
analysis was the most common. However, even then, a mission analysis type of evaluation was
performed !f there were doubts concerning either the ability of a given airplane to withstand the
gust loads to which it might be exposed or the applicability of the existing criteria to new
aircraft with mission profiles that were considerably different than prior aircraft.

Most airplanes operate well within their placard speeds. NASA VGH data on actual
operational usage of similar airplanes shows that the spread between actual and placard speeds is
never ),sn than 10 to 15 knots the gap is often greater. The mission analysis approach will
provide adequate loads for airplanes that operate close to their design envelopes most of the time
as well as for airplanes that operate well within their design envelopes. The design envelope
approach will either o" er estimate the loads for airplanes that -,erate well within their design
envelopes or under estimate loads for airplanes that operate close to their design envelopes.

On the other hand, the anticipated profiles that must be defined to perform a mision
analysis evaluation require considerable judgment. This leads to differences of opinion that can
be quite difficult to reconcile. The profiles are then a compromise and the loads obtained are

ver essctly "right." Ue of the design envelope criterion eliminates this type of uncertainty.
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In addition, the mission analysis criterion requires that all flight conditions be analyzed and
the frequency of exceedance data generated before a single limit design gust load is obtained.
Using the design envelope approach, ioads can easily te obtained even for prelminary design by
analyzing a selected number of flight conditions that are expected to be critical. Additional
co0nditions can be added throughout the design proc,

Because a mission analysis is normally required to obtain repeated load spectra for fatigu.e
analysis, ue of the design envelope does not eliminate the need to *generate mission proriles. In
addition, use of the design envelope does NOT guarantee a conservative design. Nor does it
guarantee that the airplane can be safely operated at any point within the design envelope.
Design gust velocities are based on the satisfactory performance of past airplanes. The design
gust velocities are adequate for a new airplane only if It operates in a manner similar to these
past airplarm for example - well within its design envelope.
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If the requirements of the certifying agency are not the determining factor, the choice
between the mission analysis approach or the design envelope approach is pretty much determined
by the anticipated operation of the airplane relative to prior airplanes. If it is basically an
existing airplane design, intended to fly in the same manner rts past airplanes, the design
envelope criterion should be adequate. Howevei, for all other designs, including the use of active
controls, the mission analysis approach should be seriously considered.

In spite of the difficulties in defining mission profiles, the Mission Analysis Criterion has
always been preferred at the author's company. The other US companies surveyed are applying
the Mission Analysis Criterion with increasing frequency. Military specifications specifically
require use of the mission analysis approach for gust critical airplanes. The Design Envelope

Criterion is used primarily for designing derivatives of existing airplanes or in the design of

I
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airplanes that are similar to past airplanes in both design technology and anticipated operation.
It is also used extensively in preliminary design studies.

DESIGN APPLICATIONS

In compliance with either the design envelope or mission analysis criterion, limit design levels
of a variety of airplane response quantities can be established. These response quantities may
include not only external loads, such as shears, bending moments, and torsions, and translational
and rotational accelerations, but also internal loads and stresses acting on the various structural
elements. Design limit values of stress in the various structural elements may be obtained from
the statistical parameters either by direct computation of the internal stresses or by generating
design load conditions that produce the design stress levels when applied to the structure.

In effect, the direct computation of internal stresses involves determining separate power
spectra for loads in every element of the structure. For an entire airplane the number of
structural elements could number in the thousands. In addition, where the strength of an
element such as a wing surface panel involves the interaction of two stresses, for example
compression and shear, these stresses must be properly combined (phased) to provide the necessary
st~res information for design. Because rms stresses obtained in this manner are directly tied to
the structure, changes in the stress model require that the internal load rms values be
recomputed. Application of this approach has then been limited to local areas of structure with
relatively complicated loading patterns, where the gust loads tend to be critical.

The more common approach is to generate design load conditions. A design condition consists
of a set of external forcm in equilibrium that represents the statistically defined parameters from
the psd analysis over specific regions of the airplane. By applying such a set of forces, the
streses in every element of the structure can be determined and the same set of forces can be
applied in static tests. These conditions are analyzed by the Stress Department in the same
manner as conditions obtained from tme history or static loads analyses to determine the internal
loads and stresses acting on the structure. Secondary structural changes to the stress model have
little effect on the externally applied loads, and such changes can be easily evaluated.

The design procedures that are discussed here are summarized below relative to the approach
used - that is, computation of internal stresses or development of design conditions.

DESIGN PROCEDURE APPROACH
Internal Design
Stress Condition

Matching Conditions X
Conditional Probability Method X

IFEquivalent Discrete Gust x
Internal Load Method x

Some companies apply more than one method. This is done because some procedures require
modeling of the airplane that is not available for older derivatives. In addition, some of the
more sophisticated methods are applied only to the most complex areas of the structure or to
areas that are gust critical or sensitive to gust loading. Conversely, the more easily applied but
potentially less accurate procedures are applied in a conservative manner to non-gust-critical
structure with relatively simple loading patterns.

All of the airframe manufacturers contributing to this study emphasized that the psd design
procedures reqluire close coordination and a high degree of cooperation between the Loads
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Department (responsible for providing the loading or stress environment) and the Stress
Department (responsible for sizing the various structural elements). In many respects it is an

interdisciplinary analysis.

With the exception of the Equivalent Discrete Gust Approach all of the above procedures
explicitly consider the problem of phasing.

Values of the response quantities obtained by pad analysis are inherently unsigned. Because
positive and negative values are equally likely to occur, both must be considered in establishing
the desg loads. For a mission analysis, separate exceedance curves are obtained for positive and
negative net loads (response quantities). For the design envelope analysis, the design net values
are computed at

Net load - + Uo A + LIg Eq. (8)

Because the design values of the various response quantities generally occur at different times,
the above design values are "unphased." Design of the structure cannot be determined until
proper combinations of these response quantities are defined. This is true even if internal stress
quantities are directly computed in the psd analysis.

The phase relationship for any two response quantities is completely defined by their
covanance and respective variances, usually represented as conelation coefficients. The method of
fictitious structural elements also provides phasing information. The use of correlation coefficients
is the more popular procedure; however, fictitious structural elements are occasionally used for
special considerations.

Cor.iadon Coefficients

In applying the pod method it is assumed that atmospheric turbulence is a random Gaussian
process which acts as an input to the airplane. The airplane is represented as a linear system.
The resulting outputs from the psd analysis are then aLs-o a Gaussian process. For a Gaussian
proce the statistical dependency of any two respons: quantities (outputs) can be represented by a
correlation coefficient, pxy , given by the following expression, which follows from the equations,
given in Appendix B of Reference 4.

0o

.X .f÷_L ()[ýW)-HM -H(o H M(j ) Eq. (9)
Ox 0JiAyA Y " reel Vreal Ximag "irag

where
forcing frequencies, the array of frequencies for which the pad analysis was
performed

# (a) - gust spectrum at each forcing frequency

A - Ratio of the rms of the response quantity t-5 the rms value of the gust
-velocity, obtained from the pad analysis

NO - characteristic frequency of the response quantity, obtained from the pad

TM40) - complex transfer function of the response quantity at each forcing frequency

TF(w) - H(w) + i H(w) Eq. (10)
real iWaq
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The phasing of any two response quantities is then determined by using the correlation
coefficients in the expreion for a joint probability density function given in Reference 4, that
In

Pxy) - exp Eq. QI1)
PP221 A(l - i 211 _!y i. 2/

By assigning various constant values to P(x,y), for a given pxy contours of constant joint
probability density are defined. These are ellipses, collapsing to a straight line at p - 1 or a
circle at p - 0. An ellipse can be defined that is tangent to the design level values of any
two specified response quantities. This is referred to as a design ellipse and gives a complete
representation of the phased design loads for these two response quantities, Figure 10. By
considering only the incremental loads and normalizing these loads to their design values, the
variation of the probability density function (iGe, different values of px at constant stress levels
can be illustrated as shown in Figure 11.

Fictitious Structural Element

Before it was recognized that proper load combinations could be easily obtained through the
use of correlation coefficients to define an equal-probability ellipse, load phasing was accomplished
using the concept of the fictitious structural element, Reference 3. This method still has some
potential advantages relative to the correlation coefficient approach.

The fictitious structural element can directly provide design level values of combined internal
loads and stremses For example, by expressing front or rear beam shear flow as

FE - a, S + a. M + a, T Eq. (12)
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Maitaining Constant Stress Leels

the frequency response funttion of "FE" can be determined as a linear function of the

frequency rmponse functions of S, M, and T. Its psd, R, No , and design value can then be

determined. To further illustrate, assume that shear flow is affected only by shear and torsion.
The above equation then becomes

FE - a, S + a, T Eq. (l3)

which defines a diagonal straight line on shear-torsion coordinates, as shown in Figure 12. This

line represents the shear and torsion that result in the design magnitude of the front beam shear

flow. No valid combination of shear and torsion can exceed this line. Therefore, in Figure 12,
points 2 and 3 could be considered realistic design load combinations, but point I is obviously
conservative.

The procedure can be applied to any two response quantities, not just front beam shear flow.
In addition, arbitrary values of a, and a, can be selected. This defines a family of diagonal
lines each representing the design load or stiee- in a fictitious structural element. For a design

envelope analysis, where the design load is defined as a constant times the rms value, this
family of diagonal lines produces the same design ellipse that is obtained using the correlation
coefficient approach.

Current pad gust procedures normally apply the correlation coefficient method to establish

phasing. However, one potential advantage in using fictitious structural elements Is that they can

be carried through an entire mission ar~alysis, thereby providing direct load phasing infomnation
that includes the effects of differences from segment to segment in one-g flight loads, correlation

coefficients, and ratios of (say) design shear to torsion. In general, the result Is not an ellipse.

This approach is also easily applied to the time history determination of loads and iB currently

used by at the author's company in the determination of design taxi loads.

______ - -.-- ---- ---- _
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Figure 12. Flttious Element Shear- Torsion Representation of Front Beam Shear Flow

Matching Condition - Concept

The matching condition procedure or a variation is used by all companies surveyed as one
method of generating design conditions. It was first proposed in Reference 3 and further
developed in References 10 and 11. In Reference 12, linear optimization techniques were applied
to the procedure, which resulted in a batch processing computer program that provided solutions
to the matching operation. The matching condition concept is described by the following excerpt
from Reference 3.

"The basic concept employed in matching-condition generation is suggested by the fact that, in
flying through turbulent air, an airplane responds statically to the low frequency components of
the turbulence (long gradient gusts) and it responds dynamically in its various elastic modes to
the higher frequency components of the turbulence. The two types of responses - the static and
the dynamic - generally have quite different distributions of load throughout the structure.
Moreover, each elastic mode will have its own distinctive load distribution. In flight through
typical turbulence there is a random interplay among these various distributions. As a result, no
single distribution can be expected to reproduce simultaneously the correct stress histories at all
points in the structnre."

"Accordingly, in generating matching conditions, the approach is to start with a number of
'elementary distributions.' Each of these consists of a set of forces in equilibrium, representing the
static response of the airplane or the dynamic response of a particular elastic mode. The
elementary distributions, as building blocks, are superimposed in various proportions to give a
number of design conditions which, collectively, envelom; the statistically defined shears, bending
moments and torleis."
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Application of this concept requires a procedure to define each of the following items:

"* design load combinations to be matched

"* elementary distributions

"* contribution of each elementary distribution to a design condition

Desgn Load Combinations

A design ellipse, obtained by use of either fictitious elements or correlation coefficients,

establishes the phase relatoi'ship for any two response quantities. To the extent that the critical

internal stre required for design of a structural element is a linear function of one or two

response quantities, the design ellipse provides sufficient information to define the critical design

load combinations.

An infinite number of load combinations is required to define each point on a design ellipse.

However, linear combinations of loads can be easily defined that circumscribe the design ellipse

and thereby provide a limited number of load combinations that produce a conservative value for

the design stre that is a linear function of two inputs. For the matching condition procedure,

a design octagon is defined. that circumscribes the design ellipse, illustrated in Figure 10 for shear

and torsion. Points A through H are defined for the incremental design values of load from

the normalized equation that produced Figure 11. The coordinates of points A through H, Figure

10, are then dependent only on the value of the correlation coefficient. The normalized

coordinates of points A through H are:

Pt. A - -Pt. E -(-L.0, -a)

Pt. B - -Pt F - ( a', 1.0)

Pt. C - -Pt. G - (b' 1.0)

Pt. D - -Pt H - 1.0, Rb)

where,

Ra- 1.0 - -42(1 -px

S+ 42(1 + pxy)

A set of design load conditions is oLtained by matching the phased loads defined at each of

the eight points for a number of design octagons defined throughout the structure.

Prior discussions of this procedure given in References 3 and 10 thru 12 have emphasized the

use of wing shear-torsion and bending-torsion load combinations. Shear and bending at tle
various wing locations are in general highly correlated. The elementary distributions inherently

reflect this correlation and the design conditions that are developed based on the shear-torsion and

bending-torsion load combinations also provide quite rational load combinations of shear and

bending. This, of ourse is not the case in all areas of the structur

A procedure is proposed in Reference 13, the "equal probability technique," to define design

conditions for load combinations that specifically account for the effect of three (or more) load

inputs on the design stres levels. For example, if shear, bending, and torsion all contribute

*ignificantly to a design strew, the critical load combinations are defined as a three dimensional

ellipsoid, rather than a two ditaensional ellipse. In comparing the equal probability technique

with the matching condition technique it is stated that the two methods are equivalent for
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combinations of two loads, but doubts w'ere expressed concerning the validity of the matching
condition approach when three or more load inputs are significant.

The doubts expressed appear to be pointed more toward the definition of proper design load
combinations than toward the fundamental matching condition concept. Effective application of
the matching condition procedure is dependent on the determination of design load combinations.
Unfortunately, procedures that have been applied to define load combinations as input to the
matching condition program in the more complex loading areas have not been fully described in
piot rferences.

In complex loading areas, such as the interface between wing and fuselage, horizontal or
vertical tail and fuselage, or wing engine and wing, a number of additional loads are considered
that include selected internal stresses and the forces and moments acting ')n concentrated mass
items. In addition, some areas of the structure require the direct consideration of load phasing
between shear and bending.

Information is provided by the Stress Department to assist in selecting additional load
combinations that are potentially critical. The information provided includes:

* Stress results for a number of "study" conditions

* Margins of safety for current design conditions

* Unit load distributions for selected internal stresses

* Estimates of relative significance of various external loads in producing specific internal
stresses

From this information a number of additional load combinations are defined. For example, in
the interface area of the wing and wing engine, load combinations are defined that relate engine
forces and moments to each other and to wing shears, bendings and torsions. Load combinations
representing three external load inputs are obtained using a concept similar to application of a
design octagon. For example, conservative conditions for load combinations of shear, bending and
torsion can be defined from the design octagons relating shear-bending, shear-torsion, and bending-
torsion. These conditions are

e Maximum shear with related bending and related to torsion

e Maximum bending with related shear and related torsion

* Maximum torsion with related shear and related bending

This produces 24 load combinations that circumscribe a design ellipsoid in a manner similar to
a design octago, circumscribing a design ellips- A sketch of the concept is given in Figures 13
and 14. These load combinations are slightly more conservative relative to the ellipsoid than
those produced by the design octagon relative to a design ellipse. After applying the information I
provided by the Stress Department very few of these types of load combinations are actually
required for design. Simultaneous consideration of more than three load quantities has not been
necessary. It is quite possible, however, to define load conditions that include directly phasing
the external loads with specific internal streses.

Ei

1The mission analysis exceedance curves are surveyed to determine the dominant profile(s) and
dominant flight segment(s). Critical design envelope flight conditions are implicitly defined.

iI
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Elementary distributions are obtained for each critical flight segment or design envelope condition

selected. For vertical gust analysis these distributions include:

* Static aeroelasaic loads due to a one-g static discrete rust. These are effectively the loads

due to an arbitrary angle of attack, airloads baance( by plunge and pitch inertia

9 Static aeroelastic (or rigid) loads due to a unit pitch rate

* L due to unit inboard and outboard aileron angles, balanced by inertia

9 Loads due to unit generalized elastic mode acceleration, (j , combined with airloads
occuring at the associated modal displacement, q

The predominant contribution of an elastic mode to airplane response occurs at its resonant

frequency, so the airloads associated with q, calculated on a zero frequency basis, are multiplied

by the real part of the lift growth function at the resonant frequency. The loads per q are
generally not in equilibrium and are balanced by use of the rigid airplane plunge and pitch

__[
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Inerta. The rodynamic term, proportional to modal displacement, is then directly added to the

inertia had proportional to modal acceleration, to form the combined distribution.

In the lateral gust analysis the following elementary distributions are used.

* Static aeroelastic loads per unit sideslip.

9 Static se oelastic loads per umt yaw rate.

* Static aeroelastic loads per unit roll rate.

a Static aeroelastic loads per unit rudder angle.

* Loads due to unit 1generalized elastic mode acceleration. The airloads due to modal
displacement are neglected.

3 4

10

9

T/ 12

B

11

7 8

LIST OF COORDINATES

POINT SHEAR BENDING TORSION

1 1.0 lb Ia
2 1.0 1h b
3 1.0 Ia Is
4 1.0 ba Ib
5 hb 1.0 IN

7 1. 1.0 1b
7 Ia 1.0 Is

* l lb 1.0
10 lb 1n 1.0
11 In 1b 1.0 r,
12 to Is 1.0

Flw.v 14. Cbordba of Lwd Coonbbudbu Tho Cbtuntscrf a Dgn I~p.jdd
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Bach of the elementary distributions noted above is calculated for each of the critical mission
Iel 1e1 - or design envelope conditions selected. They are formed initially as panel loads, then

integrated to obtain the appropriate loads or response quantities.

Deign conditions should reflect rational levels of each contributing elementary distribution.

For a design envelope condition the maximum realistic amount of a modal distribution Is defined
by the A value for that distribution times U . For a predominant mission segment the

maximum value is set equal to the value read from the frequency of exceedance curve for that

distribution. This is, however, an approximation and some latitude is allowed.

Generation of Matching Conditions

Each design condition consists of a portion a1 of distribution E,, a, of distribution E,, etc.
A set of coefficients (a,) defines both a complete set of panel loads and integrated loads (response
quantities) throughout the airplane. The objective of the matching procedure is then to define

sets of coefficients (ai) that match the design load combinations previously discussed. The
problem is represented as one of linear optimization of the form:

[E 1(-)S Combination}E.(4

The above expression is developed in Reference 12 and is comprised of both equalities and
inequalities. The inequalities are obtained from the equations that define the design octagon

boundry lines. Equalities correspond to the equations that define the phased design load
combinations for which a design condition is desired. Constraints are applied to the problem
such that

* All loads will lie within their design octagon boundary lines

* The allowable magnitude of any elementary distribution is limited based on pad results

* Each solution, set of (ai) ooefficients, contains the minimum number of elementary
distributions with the smallest contribution possible to obtain a design condition.

Conditional Probability Method

The Conditional Probability Method is a typical variation of the Matching Condition procedure

that is applied by one of the US. manufacturers.

Load combinations for a number of response quantities are defined based on the statistical

dependency relationships. These load combinations are then matched by manipulating "generic"

external force diLtributions, rather than elementary distributions, to produce design conditions that
are applied to stress models to develop internal loads or to work with transformation matrices

that relate internal to external loads.

PSI) gust analysis flight conditions are selected based on the criterion applied, Mission Analysis

or Design Envelope. The phased loads are defined as the expected values of load distribution
that will occur when a selected envelope load Is a maximum. These distributions are defined
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bued on the conditional probabillty density function. Under the condition that y takes on the

value Ym . the expreson, shown in Reference 13, Appendix A, it

XPXV Ym Ox

P1yiY " Vm) - 7 71 I txp - Cy (05)
P~~~~~~ Y V ,iN 22 2

The expected value of load x given load Ym is then:

X - Pxy Ex y Eq. (16)Oy m

This is equivalent to selecting load combinations corresponding to points "T" on the design
ellipse shown in Figure 10.

When the design envelope approach is used, Ym represents a specific load for a specific
configuration and flight condition. For the mision analysis, the loads reflect a weighted average
of all the individual segments that compose the ,omplete mission. Therefore, the phasing formula
is modified by the fraction of total mission time in each segment to account for the phasing
associated with each individual mission segment

When a complete set of external loads in equilibrium is required for use with a finite
element strvm model, phased external loads are used to define discrete force distributions for
application at selected nodes of the model. The number of node points available to apply
external forces typically exceeds the number of external loads calculated by PSD gust analysis.
The algorithms that define the node external forces assumc generic distributions for the undefined
degrees of freedom. Different distributions are normally assumed for the aerodynamic as opposed
to the inertia forces in the matching process. Three types of phased PSD loads are calculated:
net loads, aerodynamic loads, and inertia loads. The matching procedure algorithms are subject to
the constraint that the integration of the applied nodal forces must be in equilibrium arnd must
reproduce the phased PSD load combination.

Equivalent Discrete Gust

One of the older concepts of defining external load distributions that represent pad results is
that of an equivalent discrete gust. To the best of the author's knowledge, this method has not
been used as the primary design procedure by any company in meeting continuous turbulence
criteria for commercial transports. This approach should not be confused with the Statistical
Discrete Gust (S1)0) concept that has been developed by J. G. Jones as a possible alternative to
PSD analysis

The procedure is, basically, to define discrete gust conditions that match the airplane
translational and rotational accelerations about the center of gravity as defined by PSD analysis.
The resulting time history solutions are assumed to produce properly phased external loading
distributions. These conditions are then factored to match specific PSD loads at various locations

on the airplane.

For a relatively "stiff" airplane, with minimal dynamic modal response, this procedure produces
a rational set of external load distributions. However, for more flexible aircraft, a method of
defining the probable external load pattern, similar to that discussed In Reference 14 for SDG
application, would seem to be necessary.

.............................-...- °,--..-
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The prooadure is used primarily during the preliminary design phase to auist in defining those
areas of the structure that are potentially critical for gust loading. It can also be used to
Provide balanced external load distributions for use in various matching procedures.

hntOM!a Lad Method

As the name implies, the Internal Load Method directly computes internal load responses in
the PSE gust Analysis. Unit load coefficients are defined that relate the selected internal stresses
to unit external loads applied at Wach individual structural grid point. The procedure is really no
different than the computation of integrated external loads. Usually two internal loads or stresses
are sufficient to size a structural panel so the problem of phasing three or more external load
quantities is eliminated. Correlation coefficients are applied to define a design ellipse which can
then be directly applied by the Stress Departmtnt.

As was stated earlier, the number of pad's required to apply this method through-.:-t the
airplane is very large. Application of the procedure is normally limited to local areas o,'
structure with complex loading patterns that are also quite sensitive to gist loading.

An internal load method called the Joint Probability Technique is developed in Reference 4.
",This method is not currently in use and will not be discussed here.

Approach

The general approach to sizing structure from ped results is basically that of a pyramid or
hierarchy of increasing complexity.

At the lowest level, areas of the structure that are subjected to pozentially critical gust loading
are identified by simply comparing the loads or stresses obtained from the pod anmlysis directly

to design envelopes obtained for other types of load conditions, such as maneuver, static and
discrete gust, or dynamic landing and taxi conditicas. Because of differences in fuselage
Pressurization, care must be taken when comparing pad results with ground load conditions. The
maximum design values of each load or stress are applied without regard to phasing, only the
design values are used. This comparison will establish both areas of the structure and the
quadrant in which the gust loading is potentially critical. The procedures discussed above are
then applied to the extent required to define the design stres levels.

Of these procedures, Matching Conditions, or a variation such as the Conditional Probability, is
applied by all of the U-S manufacturers that were surveyed. The Equivalent Discrete Gust
approach is used primarily as a tool to provide additional information on areas of the structure
that are potentially sensitive to gust loading and to provide external foice distributions for
"Matching." The Internal Load Method or the uge of three dimensional load combinations in the
Matching Condition approach are applied only to areas of the structure with complex internal
load patterns for which gust loads are actually the critical design condition.

ACTIVE CONTROLS CONSDERATIONS

The active control system (ACS) developed for the L-lOl extended span configuration
Involved symmetric motion of the outboard ailerons. This was phased wire cg acceleration to
relieve static gust nnd maneuver loads and with wing tip velocity to increase elastic mode
damping. Installation of the ACS was intended to offset the load increase due to the increase in
wing span, in order to minimize the extent of structural changes.

I



4-27

LAd6 due to corrective roll control in turbulence were explicitly included in the dyntmic gust
anulymls for the L-lOl1 airplane configuration with active controls. The following background
lnformntion contributed to this decision.

Analysis of flight test data from the L-lOll development flight test program in 1971
indicated that the measured wing torsions were much greater than predicted by theory. The
ratio of mewured to predicted torsions was largest just inboard of the outboard aileron and just
inboard of the inboard aileron. At these locations the measured torsions were 1.5 to 3.0 times
the theoretical values. Bending moments and shears, however, were more in line with theory.
The increased torsions were not coherent with the measured gust velocity, which suggested the

presence of other inputs. Although the first wing antisymmetric bending mode appeared to be a
contributor, high coherencies between wing torsion and aileron angle indicated that corrective roll
control was also a major source of the increase in torsion&.

Fortunately there was sufficient strength available in the basic L-ll0 airplane to
accoimodate the measured torsions. The effect of the increased torsions was thereafter included
in all derivatives of the L-1011 up to the development of the active controls system by
applying an empirical "flight test torsion increment". Because the active controls aircraft
represented a significant departure from prior derivatives, a rational approach to account explicitly
for the loads due to corrective roll control in turbulence was found to be necessary.

Flight tests were conducted during 1977 and 1978, using the L-l01 flight test airplane, as
part of a NASA-Lockheed funded program to evaluate the use of active controls for loads
reduction. These tests were made first on the baseline span airplane without active controls and
then with the span increased 9 feet by means of wing tip extensions. The results of these tests,
reported in Reference 15, showed that the act~ve controls greatly reduced the loads due to gust,
Le by as much as 50% in the outer wing. But they had no effect on the loads due to roll
control. As a result the roll control loads became much more conspicuous. Bending moments
and shears as well as torsions were seen to be involved.

Loads due to corrective roll control have always been present when roll control is by means
of the outboard ailerons. In the past, these loads have been small relative to loads produced
directly by the vertical gusts. As a result, they have been adequately provided for by an
implicit conservatism in the design gust velocities (or, in a mission analysis determination of gust
loads, in the design frequency of exceedance). But, as noted above, an active-controls wing load
alleviation system substantially reduces the vertical gust loads, while leaving the corrective roll
control loads unchanged. Consequently, the percentage effect on loads of the corrective roll
control increases.

Further, this increase is accentuated by the fact that the two loadings - gust and roll control
- add on a root-sumn-suare basis. For example, if roll control loads, without active controls are
50 percent of the gust loads then:

Without Active Controls

Lead due to vertical gust - 1.

Loads due to roll control - 0R5

Combined loads - L +12 + 0.52 - 1.118

Ratio - L +Re) / - 1.118-( +
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Although the roll control load in 50% of the vertical gust load, the combined load is increased
by only 12 percent. If active controls are used and wing vertical gust loads are reduced by
WS% the rult it

With Active Controls

Loads due to vertical gust - LG - 0.5

Loads due to roll control - LRC - W

Combined loads - LG + RC - V°.2 + °.52"_ .707

Ratio - (LG + RC) / (LG) - 1A14

The increase with active controls is substantial, LRC relative to LG increases by a factor of
2.0, but the increase in increment in net load due to roll control is a much larger factor of

0.414/0.118 - 3.51.

From this example it is clear that the increase in gust loads due to corrective roll control

must be explicitly considered for any airplane that accomplishes roll control by means of the
outboard ailerons and for which an active control system is used to reduce wing loads. In the

more general context it can be stated that an active control system can significantly alter the

contribution from vertical or lateral gust to combined loads. Special procedures may then be
required to accurately predict the resulting gust design load.

The concepts and analysis methods that were used to include corrective roll control effects in
the gust design wing loads for the L-l0l I Tristar with active controls are summarized below.

Based on all available information, which includes operational flight data, flight test data, flight
simulator data, and additional theoretical studies, they provided a realistic set of design loads.

Other than for the L-1011, no attempt was made in these studies to explicitly determine

when, or whether, or to what extent roll control effects should be included in a dynamic gust
loads analysis. Therefore, this discussion is presented primarily to increase awareness of the

subtleties involved in the use of an active controls system on the determination of design gust
loads.

General Approach

Design gust loads for the basic L-1011 were obtained using the mission analysis approach.
The procedure to explicitly include loads due to corrective roll control for the active controls

configuration was then defined for mission analysis application.

Results of the basic L-1011 mission analysis showed that the cruise segments were the greatest

contributor to wing loading. This was expected, since cruise represents approximately 80 percent
of the time in flight. In addition all of the cruise segments exhibit similar wing response
characteristics. The cruise segment that contributed most heavily to the wing shear and bending
loads at critical wing locations was then selected for explicit roll control analysis. This is

reerred to as the predominant segment. The effect of other segments, climb and descent, was
estimated wing a parametric procedure and simplified exceedance curves. Factors were developed
to adjust shear, bending and torsion at a number of locations over the wing span. These loads
were phased using a combined correlation coefficient method, and design load conditions were

developed for str analysis using the matching condition proces.
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3-D GUST ANALYSIS

Extensive use was made of a thr-e-dimensional gust analysis computer program that utilizes
the work of Dr. Frederick D. Eichenbaim of Lockheed-Georgia Company, References 16, 17 and
18. An existing Lockheed-California one-dimensional program was modified to include the
computation of gust input cioss speWtra and computation of output spectra utilizing these input
cl spectra and the computtd transfer functions.

The term "hree-dimensjonal" refers to the number of position coordinates upon which the gust
velocity is assumed to depeod. The most important variation of the gust velocity is along the
flight path. This is rormally the only variation considered, which results in a "one-dimensional"
gust analysis. The three-dimensional analysis considers also, on a statistical basis, the spanwise

variation of vertical gust velocity. It also considers, although these are less important, the
vertical variation of the vertical gust velocity, and the vertical and lateral variations of the
lateral gust velocity. In addition, it combines vertical and lateral inputs into a single analysis.

Basically, the three-dimensional gust analysis consists of three steps:

1. Determination of transfer functions relating the various airplane loads to gust velocities
acting tun specific streamwise gust strips.

2. Determination of the power spectra of gust velocity on the various strips and cross
spectra cf gust velocity for all strip pair The gust power spectrum on any individual
strip is simply the usual one-dimensional gust power spectrum. Three-dimensional effects
are brought in by the cross spectra.

3. The tr isfer functions and the gust velocity spectra and cross spectra are combined to
dctermine response psd's, cross spectra between pairs of response quantities, and cross
uanwsfer functions that relate various responses to the gust velocity at a gust probe, for
comparisons with flight-measured transfer functions and coherencies. These are then
used as in a one-dimensional analysis to provide A's, No's and correlation coefficients.

Steps 2 and 3 were accomplished using Eichenbaum's basic equations as presented in Reference
18. The only simplification was to drop the for-aft component of turbulence. (Although the
fore-aft component may become significant in landing approach, it has only a small effect at
the higher airplane speeds that produce the critical gust loads.) These equations not only retained
provision for variation of vertical and lateral gust velocities in the y and z directions, but also
provided for orientation of the individual lifting surface segments

The program allowed 20 gust input strip: for a half-airplane (15 were used) and included
provision for arbitrary dihedral angles and arbitrary locations in the y-z plane. The gust
velocity was considered to vary linearly from a maximum at the strip centerline to zero at the
adjacent strip centerlines. Computation of the various gust velocity cross spectra was facilitated
by applying the planar and nonplanar coherencies tabulated in Reference 18. The arrangement
of the gust strips, defined for the L-1Oll studies, is shown in Figure 15.

The three-dimensional gust analysis was applied to determine the effect of roll control by the
autopilot. It was also used to help select the appropriate autopilot mode. (Some pilots prefer a
variation of the CWS (control-wheel-status) such as attitude hold, rather than the turbulence
mode, when in turbulence; for the L-1Ol1 the roll control rms aileron angle values, o6a ' were
about 10% higher in CWS status than in the turbulence mode.)

It
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Loads obtained from the 3-D gust analysis were somewhat lower than the corresponding one-D

loads. It was therefore necessary to design to slightly higher gust velocities in order to retain

the concept of equivalent strength used in setting the gust criteria design velocities which were
determined from a one-D gust analysis Based on a comparison of several L-1011 cases, it was
concluded that the 3-D loads should be increased by a factor of 1.07. It is noted that this
factor has much broader applicability than just to the determination of corrective roll effects. If
3-D analysis were to become routine for gust loads determination, the value of this factor would
be of primary importance.

In the original design study, 3-D analysis was performed for a predominant mission analysis
cruise segment with an altitude of 32,000 feet and Mach Number of £5. Later studies included
additional cruise segments and some climb and descent segments. Studies were obtained to
determine the effect of ACS-on and off with and without the autopilot, the effect of different
autopilot modes, the effect of dihedral, and the effect of the number of structural airframe
modes on the computation of stability derivatives.

RMS Aileron Angle

The parameters required to determine loads due to both autopilot and pilot roll control are the
rrs aileron angle, the aileron angle pud, and, for each response quantity to be analyzed, the ratio
of the roll control load component to the rms gust velocity, ARC.

The magnitude of corrective roll control aileron angles in turbulence depends upon the
turbulence intensity and the flight condition. It is reasonable to expect the rms (root-mean-
square) aileron angle. aoa, to vary in proportion to rms gust velocity. A key parameter in the
analysis is then the rms aileron angle as a ratio to rms gust velocity, or A , which can be

expected to vary with flight condition.
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In addition the amount of corrective roll control is likely to vary from pilot to pilot,

between pilot and autopilot, and from one turbulence encounter to another for the same pilot.

As a result, selection of a design A6  involves judgment in evaluating all of the available data.

Data on the L-1011 rms aileron angle were obtained from a number of sourom

9 L-lOll gust response flight tests and flight simulator tests

e L-lll operational data

a L-1011 3-dimensional gust analysis with autopilot roll control

Data from three flight test programs were available. Seven bursts of from one to four

minutes duration were available from the original L-lOl1 flight test program conducted in 1971.

Three bursts were available from the 1977 program and five from the 1978 program. Roll

control was by the pilot, except for a limited amount of data from the 1978 tests.

Flight simulator data were available for three different pilots. These data were taken as

averages of six 5-minute samples for pilot No. 1 and four each for the other two pilots. This

program was conducted in 1978 utilizing the 1977 flight test conditions.

Operational data were obtained from British European Airways (BEA) AIDS tapes. For the

original analysis only five samples were available, all from the same flight. The data were

questionable and the analysis was quite crude. However, for later studies, 50 additional records

were available from British Airways and Gulf Airways, also obtained by means of the AIDS

system. Twenty-two of these records were analyzed for the roll control study. As a condition

of CAA certification, British Airways continued to obtain such data, of which 17 records were

reduced for use in the roll control analysis.

Tabulated values from the AIDS system included CG acceleration with a sampling rate of 8

per second and aileron angle once per second. Rms values of these quantities were calculated

from the time histories. Rms gust velocity was then determined from the rms CG acceleration

by means of a procedure utilizing an extensive set of curves developed by Lockheed in prior

studies, in which the continuous turbulence gust response factor, K. , was computed and plotted

as a function of four dimensionless rigid airplane parameters.

These curves are based on simple theory. The airplane is considered rigid, but is allowed to

pitch as well as plunge. The effect of gust penetration on pitch is neglected, and unsteady lift

growth is accounted for only with respect to the gust input, not the airplane motions. The Von

Karman shape of gust pad is asumed.

The curves were adjusted to agree with results given by the more sophisticated analytical

methods used for the L-1011 by back-figuring K0 for a number of mission analysis flight

segments. It was found that applying a factor of 1.13 to the plunge-only curve developed from

simple theory provided a good representation for the L-l0ll, Figure 16. The relation of %An to

ow, is then givn a

- ' VTSCL VT
°w Ko Ko--- Eq. (17)

where

PSCL
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Three-dimensional theoretical data were obtained for evaluation of the autopilot primarily from

the Predominant mission segment. Because the autopilot is expected to do essentially the same job
as the pilot, it should require approximately the same amount of aileron as the pilot to do it.

The pilot response, however, is not as likely to be Gaussian.

In all cases, the rms aileron angle was computed and related to the associated rms gust
velocity. Both the rras aileron angle and gust velocity were adjusted to give "effective" values
corresponding to a reference flight condition.

The use of an effective value allows direct comparison of data from various flight conditions.
It is based on the Lxoncept that as the flight condition and turbulence vary, the roll control 6 a
applied by the pilot will be such as to give a rolling moment proportional to the rolling
moment caused by the turbulence. It is believed that the gust induced rolling moments are
primarily due to lateral gust working through the rolling moment due to sideslip stability

_ - a.
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derivative, CE% This parameter is then a key value in obtaining the effective values for aW-
The reference flight condition was defined as

h - sea level altitude

Ve - 300 Knots

M - 0.45

W - 35%=30 lb

which yields;

~ ~ C
Wf 0- 0 Vk nt Ko aaw Eq. (18)Oweff 1 007k-o Kore -- "I

and

whef 0 -300 knots\ 2 C16 Eq. (19)

wheree

p - density of the atmosphere, po - sea level value

Ve - equivalent airspeed

C28a - rate of change of rolling moment coefficient wit' aileron angle

Cgo - rate of change of rolling moment coefficient with sideslip angle

Ka - ratio of rms sideslip angle produced by continuous turbulence to rms "sharp-edge"
gust sideslip angle

The operational data (except for the very early, questionable five data points) is plotted in
Figure 17. (The flight test and simulator data points are not shown, but they displayed a
similar trend.) The solid line represents Aa for the autopilot as determined from the 3-D
analysis. The dashed line is a least square approximation for the pilot related data. The
effective value of A for the autopilot was 0.240 deg/fps and for pilot control 0.210 deg/fps.
In the original designastudy 0.240 was used for both pilot and autopilot. Actual values of A6
for a given flight condition are then obtained by reverse application of the above parametric
relationship,

Aileron Angle PSD and ARC

Loads due to autopilot roll control could be obtained directly from the 3-D analysis.
However, for pilot roll control, it was necessary to establish an aileron angle pld for computation
of the roll-control loads. This was done by examining the psd shapes obtained from various test
flights, flight simulator tests, and theoretical (autopilot) cases. Four typical pad shapes were
selected, shown in Figure 18. Ratios of rmns wing load to rms aileron angle for pertinent wing
load quantities were calculated for each pad shape, on the basis of aileron input only. The two

most severe sets of loads were then averaged to give a set of ratios for use in design.
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Multiplying these ratios by A6a yields the ratio of the roll control load component to rms gust
velocity, ARC , that is:

inRs Ll (Bins LRC\IRis da• ins LRCý •,20
+"+ Ow 0 '-, .'\ - -f]' 6) 6. (20)

Leads Due to Roll Control, LRC

The roll control component for each load quantity can then be calculated as:

LRC - U X ARC Eq. (21)

In the original design analysis, roll control effects were explicitly obtained for one
predominant mission segment. For this approach, Uo was calculated seperately for each load

quantity from the exprssion:

Eq. (22)
0 A

where

Le - Limit design value of the load quantity form the rnmison analysis exceedance curves

L -g One-g value of the load quantity for this mision segment

S- Ratio of ris load to rms gust velocity for this mimion segment j
t.
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For the predominant segment, which was selected based on the contribution of wing shears

and bending moments, U. averaged about 105. This means that in order for design gust loads
to be encountered during this mission segment a design gust velocity of 105 fps is required.
The U. value was then limited to 105. Torsions generally required a higher design gust velocity
to reach their design levels, indicating that this particular flight segment was not critical for
torson.

Combined Toads - Phasing

The combin-d loads Oue tc gust and roll control were computed from the following equation:

LG 4. RC . + L2 Eq. (23)

wheic LG is the statisticslly defined gust increment value Le - Lig, factored by the effects of

control system saturation and unavailability (reliability).

Iihc effect of the increment in load due to roll control was included in the phasing by
adjustinrg the expression for computing correlation coefficients to account for a second unccrrelated
input. For any two load quantities the expression becomes

P,, + ,y+v-uvU Eq. (24)

PX,,2+ [Tj 102 + .
o U "4 V W

SCALE FOR SCALE
CURVES C AND 0 CURVES A AND E

0.30- 0.12

0.25 - 0. 10 -0�.10 i E, 37, AUTOPILOT. CWS

I ,
I I,

0.20- o.oo .t

PILOT NO.?2

ca 0.15[- O.0T, 0.0
d A, A aa= 0.221 FLIGHT TEST

_.), 06a= 0.152, SIMULATOR
0.10 0.0 PILOT N0.3

0.06[ On1

0L t. .L
0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.1 1.0

FREQUENCY - Hz

Fipw. 1& Paired PSD's of Roll Caiw" Aieron Aiagle

i



4-36

where

Sp - correlation coefficient

A rms value

x, y, u and v denote load quantity and input source, for example, correlations for shear or

bending to torsion are defined as shown in the following table. However, the expression is

valid for any two load quantities, not just shear or bending to torsion.

Load Quantity

Sor B T

Input: Gust x y

RC u v

T'he effect of roll control on the correlation of wing bending and torsion is illustrated in

Figure 19. The effect on the correlation of wing shear and torsion was similar. The correlation
of these kads tended to become more negative, shifting loads on a design shear-torsion or bending
torsion envelope from quadrant I toward quadrant II, and broadening the load envelope in

general.

Other Segments Factor

Primary eruphasis for determining the effect of roll control was placed on the predominant
mission analysis segment. However, the climb segments are at lower altitude with a higher
equivalent airspeed and tended to yield a higher ratio of LRC to IG ' For these segments the

A.a's were estimated using the parametric approach as:

"A Cda ) "d Eq. (25)

3Cldaref

The effect on loads was then determined by constructing simplified exceedance curves for a
limited number of segments within each profile. The exceedance curves for the individual

segments were then adjusted to reflect the relative severity of the roll control effects. The sum
curves with and without adjustments were then compared. The resulting factor was applied in
addition to the LG + RC /LG factor obtained based on the predominant 3egment.

Other Considerations

The effect of control system saturation and reliability should be accounted for in the design
loads. It was noted earller that this was done by applying suitable *factors. From prior studies
the effect of system unavailability on loads was estimated as a factor of 1.01.

Control system saturation is an entire subject by itself. The methods used to account for
saturation of the L-1011 active controls system are reported in an AIAA paper, Reference 19.
With respect to roll control a separate study indicated that saturation tended to reduce the

increme in loads due to corrective roll control This effect was not included in the study.

Il
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Roll Control Accountability Factor, RCAF

Continuous turbulence design gust criteria are based on the concept of equivalent strength with
past airplanes that have a satisfactory service life. Three reference airplanes were used in
establishing the criteria, the Lockheed Model 749 Constellation, the Lockheed Electra (Model 188),
and the Boeing Model 720B. Although the Boeing airplane limited the use of outboard alleronm
for roll control to the flaps extended configurations, the Lockheed models used outboard ailerons
for roll control throughout their flight envelopes. As a result the design gust velocities, U0 I
and the 2 x 10-5 design frequency of exceedance include the effects of roll control by means of
the outboard aileron for aircraft without active controls. Ther.-fore, the effect of loads due to

* corrective roll control is included only to the extent that the percent increase due to roll control

iI
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with active controls exceeds the percent increase without active controls for the same airplane,
that is

esg i - Load ACS-on with roll control

Load ACS-off with roll control

Load ACS-off without roll control

In the above expression, the numerator represents various phased load combinations at a given
location with the full effect of roll control. The denominator is referred to as the "roll control

aocountabiUty factor" or "RCAF." This ýs the factor by which the loads would increase due to
roll control if the airplane were designed without an active control system. This effect was
included as follows.

First, gust loads were obtained with the active control system present and the full effect of
roll control included. These loads were then divided by the "roll control accountability factor."
If, for example, roll control increased the gust loads by 66 percent with active controls and 31
percent without, the with-active-control loads would be divided by 1.31. In this example the
RCAF is the factor 1.31.

The RCAF was evaluated separately at each wing station. It was found to vary from 1.01
at the wing root to 1.31 at Buttline 833 (85 percent semi-span). This variation is shown in
Figure 20. It is seen that the roll control effects are relatively small at the root but become
large near the wing tip.

Additional studies were later performcd with the intent of developing general procedures
separately for use with mission analysis and design envelope analysis that eliminated use of the
RCAF. The primary approach has been to identify conservatisms in the methods and data used
to obtain the loads due to corrective roll control. It appeared that, with only fairly modest
reduction in the roll ontrol loads, perhaps in combination with a very small reduction in design
gust velocities, the net loads (gust plus roll control) might be sufficiently reduced so that the
RCAF would not be necessary. Although these studies have shown some promise, they have not
yet yielded a design procedure that is ready for general application.

As a result only the original design procedure has been presented here; more work remains to
be done before a more general procedure is ready to use.
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SUMOARY CW)MMENIS

Both the Minion Analysis and Design Envelope criteria were developed from the concept of
equivalent strength with past airplanes that have a satisfactory service life. If an airplane is
operated In a mnmner that is considerably different than these past airplanes, the design gust
loads on the new airplane will be different depending on which of the two criteria is used. It
is important to understand the differences in criteria to assure that the criterion selected for
analysis will indeed give realistic loads for the new airplane.

The most common method of determining ijiternal loads and stress for the design and sizing
of sfticture from the pod results is that of "Matching Conditions" or variations of this approach.
The selection of load combinations to be matched and the use of rational external force
distributions in the development of the design conditions are of primnry importance. The general
approach is to identify areas of the structure that are potentially critical for gust loading based
on a conservative comparison of the PSD gust loads with other types of conditions. The more
complex analysis procedures are then applied to these areas of the structure.

Application of the pod continuous gust design criteria to airplanes designed with active controls
and gust load alleviation systems presents a challenge. This is an area where considerable
analysis, development effort, and possibly new methods will be required in the coming years.
The use of three-dimensional gust analysis procedures is likely to be beneficial.
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COMPARISON OF THE INFLUENCE OF DIFFERENT GUST MODELS ON STRUCrURAL DESIGN

by

Mmnfred Molzow
Chief Structural Dynamics

Messerschmitt-B6Ikow-Blohm GmbH
Civil and Transport Aircraft Division
P.O. Box 950109,2103 Hamburg 95

Federal Republic of Germany

Abstract:

Depending on the country of certification different gust models and means of compliance of
the airworthiness requirements have to be covered in structural design of civil transport aircraft.

The influence on aircraft design from

- gust models
- A/C modelling
- control sy,;tems/laws

is demonstrated on example of a short to medium range transport aircraft.

Recommendations for future harmonized approaches in gust methodes and modelling will be given.

A bbrevia tion s

AA Airworthiness Authority

A/C Aircraft

CAA Civil Aviation Authority

DGAC Direction Generale de l'Aviation civile

FAA Federal Aviation Agency

LBA Luftfahrtbundesamt

RLD Rij ksluchtvaartdienst

STPA Service Technique des Programmes Aeronautiques

FAR 25 Federal Airworthiness Requirements (US)

JAR 25 Joint Airworthiness Requirements (Europe)

NV National Variant

AC Advisory Circular

SC Special Condition

IM Interpretative Material

EDP Electronic Data Processing

EFCS Electrical Flight Control System

FBW Fly By Wire

LAS Load Alleviation System

CT Continuous Turbulence

MA Mission Analysis

DEA Design Envelope Analysis

SDEA Supplementary DEA

DG Discrete Gust

DTG Discrete Tuned Gust
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MC Meana of Compliance

TAS True Airspeed

HAS Equivalent Airspeed

Ude Derived Gustvelocity (fps, EAS)

U. Gustvelocity (fps. TAS) in CT

a Gustgradient

QF quasi flexible

FF full flexible

NZc Loadfactor

Vc Crusing speed

o rate of attitude

0 Bank angle

6c bank angle Indices:

0c rate of bank angle c commanded

r roll velocity

a sideslip angle

1.0 Introduction

Different from military fighters the large transport aircraft up to relatively large grossweights
are designed by gusts in big parts of their structural components.

Being so, the component weight and the overall standard of safety during flying in gusts
will depend on

- Gust Models
- A/C Modelling
- Systems Introduction

used in static design work. But the manufacturer is not free in the choice of models, neither
in

Gusts

nor in

Aircraft

He is rather guided by existing regulations or their related and by authorities accepteo means
of compliance.

Although flying around in the same atmosphere all over the world, different countries require
through their airworthiness authorities different Gust and A/C models.

AA normally defend their since centuries nearly unchanged position by stating:

THE EXISTING LEVEL OF SAFETY MUST NOT BE ERODED

Nobody will and can oppose to that, the question is:

WHEN IS EROSION STARTING?

The author believes, based on discussions with several AA in this field that sometimes the improve-
ments against the past in

- more and more sophisticated investigations of gusts in relation
to masses, c.G., massdistributions, Mach, altitude and dynamic
pressure using extensively EDP

- physical and numerical methods

- correction of data by ground and/or flight tests

- extensive service experience with former designs

- weather radar and improved weather forecast by satelites

- extensive use of qualified equipment and systems on board
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is not adequately taken into account in this judgement.

Therefore, while accepting the requirement for a high sLfety standard, there is on the other
hand the danger

TO PENALIZE A/C DESIGNS BY UNNECESSARY CONSERVATISMS

The truth will be - as always -- a very narrow path. Therefore very openminded discussions
will be needed, to get real progress in this field. But let us first review the today's situation.

1.@ Comparisal of Requirements and Interpretatinus

2.1 Gust Requirbments

The requirement ;ituation for large traaspoit h/C and the different
intarpretations rektresented by the following national airworthiness authorities will be reflected
(Fig 1)

COUN.IHY PAiGULATION AA

Jermany JAR 25 LBA

Er ice JAR 2! STPA/DGAC

Great Britain .)AR 25 , NV CAA

NETHERLANDS JAR 25 + NV RLD

USA 'AR 25 FAA

Fig. 1, Airworth.ness Require,, ants aid AA in differe.t countries

N, stands for national variarn ntnd means that in this country
additional tc the basic rule a special gust-requirement exists. Also in the case where the require-
ment basis is similar, different means r.; compliance and initerpretetions from one country to
another might be valid, as late- will be shown. (Fig, 2•

I!
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2.2 Aircraft Modeling

Besides the already existing differences in gust requirements as shown in chapter 2.1. different
A/C models are required by the forementioned AA.

These differences are mainly

- how flexibility
- if and how unsteady aerodynamic forces

are taken into account.

Whilst in the requirements exists a clear statement how flexibility has to be considered, it
is normally left to the manufacturer how unsteady lift is introduced.

So all AA are in agreement that in CT-investigations

- dynamic response for
- the full flexible A/C taking into account

steady and unsteady lift

¶ have to be considered,

The question how many modes and frequencies and which unsteady lift theory will be taken
to have an optimal representation of the A/C lies in the hands of the manufacturer.

The situation is different in the required discrete gust models. The QF-approach, A/C regarded
as frozen under deformation, is accepted (see figure 2) from

- FAA for Pratt-Formula and the (1-cos) gust.
- RLD for their N.V. of the negative gust.
- Basic JAR 25 as "Quasi Pratt", but in

combination with a FF discrete (1-cos) gust.

For DTG the CAA and for the DG with 90% Ude all other European authorities require the FF-A/C.

The term "Quasi Pratt" is used hcre for a complete A/C response calculation of a (1-cos) gust,but suppressing the effect of the flex modes and frequencies.

I2
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2.3 Effect of Control Systems and Control Laws

In history the only systems affect came in by

- autopilots
- autostabilizers
- yawdampers.

Normally for design the A/C was conservatively regarded without these systems and the effect
had only to be demonstrated by a supporting study.
This situation has changed since modern transports have EFCS (FBW) with Control Laws and

sometimes Load Alleviation Systems.

It is self-evident that AA in this situation will request that

- systems have to be introduced in the A/C modelling

to prevent that the loads situation does not become worse than for the conventional A/C.

Accepting this, the interest of the manufacturer is that
- systems effects arc taken into account

also haere, where it means benefits
for Lie structure

and that this is adequately accepted by AA.

Naturally the problem starts with the different opinions represented by AA and industry about
the meaning of

adequately.

The existing requirements do not cover this area at all.

The FAA gives in its Advisory Circular

AC 25.672
"Active Flight Controls"

some advice.

The JAA have together with European industry in the frame of an actual A/C design established
a special condition to JAR 25

SC - A 2.1.1.

together with interpretative material

IM - A 2.1.1.

"Certification Criteria for an A/C designed with systems interacting with structural Performance"

The European paper goes further, as can already be seen by the heading, and covers - to
the opinion of the author - the problem more appropriate.

Both papers are derived from actual necessities in the different countries and will need -
having now more experience - a critical review, update and generalisation. A lot of conservatism
is in the early papers, taking into account the lack of experience and the fear of the AA
to erode safety.

In between the term "adeqate." needs a revised interpretation, not to destroy the attraction
of the- new systems, which also brought an improvement in handling for the manufacturer
by insisting on old unjustified conservatisms.

Fig. 3 to 6 give for control systems of modern transport A/C in schematic sketches.

A:
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3.0 Influence of Requirements on Static Design Load Levels

The influence of the different national requirements and its means of compliance on the static
design load level of a large transport A/C, which is designed in major parts by gusts,
is demonstrated in the following figures.

As representative quantities were chosen,

for Vertical Gust

- wing bending
- tail bending

for Lateral Gust

- fuselage bending
- fin bending

Further the influence of introduction of control systems, control laws and load alleviation
on the Vertical and Lateral Gust Load Level is shown.

3.1 Vertical Gust

The following gustmodels and MOC are compared:

- Vertical Gust Load Level due to European/American requirements (Fig. 7 and 8)
All system effects inclusive load alleviation are included.

CT (85 fps. TAS) - reference level
with
CT (75 fps. TAS)
DG + DTG / 100% resp. 90% Ude/FF
DG /100% Ude / QF

For the wing (Fig. 7) it is found that the DC and DTC-Level with the European interpretation
to be calculated FF gives a load level even higher than the JAA load level due to CT (85
fps).

The FAA approach with the chance of CT (75 fps) in special cases and the DG interpreted
QF gives a marked lower load level.

For the tailplane the highest gust load level is found also for the J1AA gust interpretation
with the DG interpreted QF next, both higher than CT.

- Vertical Gust Load Level due to Britisch National Variant
(Fig. C and 10)
Systems as before.

DG / 90% Ude/FF - referencd level
with
DTG / shaping law with max. 90% Ude/FF

Fig. 9 and 10 show the effect of the gust shaping due to the UK-National Variant. It is found
that at wing and tailplane depending cn the spanwise station the National Variant produces
the higher load level. This means that at components, where CT is below DG, the DTG will
give the design case.

- Vertical Gust Load Level, effect of pitch control law and load alleviation
(Fig. 11 and 12)

DG / 90% Ude/FF pitch control law and LAS incl reference level

with
DG / 90% Ude FF pitch ci•ntrol law included
DG / 90% Ude FF no systems included.

For the wing (Fig. 11) it is found that the introduction of the pitch control law gives the
same level as the conventional A/C. This is different for the tailplane where the pitch control
law introduction leads to an increase of tailplane loads in relation to all "systems introduced"
where the conventional A/C leads to an underestimation.
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3.2 Lateral Gust

The following guatmodels And MOO are compared:

Lateral Gust Load Level d'ue to European/American requirements (Fig. 13 and 14) The influence
of systems and control laws was aot introduced.
CT (85 fps, TWS) - reference level
with
CT (7M fpa, TAS)
DG + DTG / 103% rasp. 90% Uce/FF
DG / 100% Ude/QF

The JAR 25 rtquirement basis inclusive the NV and its usual M')C lead to a higher load
level as well in continuous turbulence as in discrete gust the FAR 25 and its usual interpre-
tations.

Lateral Gust Load Level due to British National Variant
(rig. 15 and 16). The influence of systems and control laws was not introduced.

DC / 100% Ude / FF - reference level
with
D"G / shaping law with max 90% Ude / FF
This NV gives a higher to equal load level for the fuselage and a lower one than discrete
for the fin. In this design the CT-level is dominating all components in lateral gust which
must not always be the case.

Lateral Gust Load Level, effect of systems and control laws
(Fig. 17 and 18)
CT (85 fps, TAS) without EFCS - reference level
with
CT )85 fps. TAS) with EFCS, 100% operating

The introduction of systems, especially yawdamper function and lateral control laws leads
in general to reductions of gust loads because of its damping effect of the dutch roll. It
is obvious that if this level is taken for design, system failure cases have to be investigated.
IM-A2.1.1 defines a safety factor as function of failure probability of occurrence to calculate
ultimate load. (Fig. 19 and 20) These figures illustrate the high importance of a reliable
system on structural weight.
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4.0 CONCLUSIONS

The shown situation can be regar.Ied as representative for a major gust load designed transport
A/C.

It was shown that more severe gust requirements or interpretations in Europe lead to higher
gust design loads.

It is doubtfull whether this is necessary to guarantee an acceptable level of safety. But
there is no doubt that this situation distortes the international competition.

The objections of AAs to this statement will be that also Import- A/C ent.ering the European
market will have to cover these requirements.

Although this is true it cannot satisfy a manufacturer that own A/C designs, flying in
the same atmosphere as those of a competitor, have to cover different severe gust requirements.
depending on the country of certification.

A critical review ot the total gust requirement situation is therefore requested, ending up
in a harmonization of the conditions to be covered, independent from the country of certifica-
tion.

We must refrain from the former artificial load conditions, coming as near as possible to
the real physical conditions.

New statistical material tor better representation of the atmosphere is needed, only this
will guarantee a good level of safety and will at the same time give us the chance to use
all the benefits we can get also in the structures field from introduction of modern electronic
systems, to improve overall economics.

Industry, Laboratries and Authorities are requested to take over this task in the interest
of all of us.
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Summary A program of in-situ measures using the Nord 260 plane equipred with

accelerometers has allowed to compare the predicted and the measured responses of the

flexible aircraft to the turbulence. It shows a good agreement between the two sets of

results and it emphasizes the better modeling of the turbulence using the isotropic model

rather than the cylindrical one.

INTRODUCTION

A flying program using the plane Nord 260 has allowed to compare the experimental and the

calculated responses of the flexible ai.rplane to the low altitude atmospheric

turbulence. The results of these comparisons give a good fitting between calculated and

measured transfers, spectral densities and coherence, once the adequate turbulence length

scale and standart deviation have been found.

Those comparisons show also that che responses calculated by using an isotropic model

in order to represent the atmospheric turbulence are much more closer to the experimental

responses than those obtained using a cylindrical model, which shows the more realistic

behavior of th3 isotropic model.

After recalling in a first part how the responses are calculated, we show by drawing

the curves representing the transfers, the spectral density and the coherence, the

comparison between the e~periment and the caiculus

I Theorical responses to the turL "ence

I.1. Non stationary forces due to the turbulcnce

The non-stationary pressure created by the atmospheric turbulence at point M and time t

on a flexible aircraft is given by the relation

(1) AP(H,t) - (M,,M',t) *C (M ,,t) d1,

where G(M,M',t) represents the G:een function of the problem calculated by the doublet

lattice method [1], and u (M',t) is the local angle of attack induced at point M' and time

t by the turbulence, S beeing the wing surface

The generalized non-stationary forces relative to the displacement field H(M) are then

given by

(2) Y3 (t) - I A9(M,t)H(M)dMk•

H a
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In the modal basis of the plane, the vector q of the generalized coordinnates is given

* by the relation

* (3) q(t) - a * F(t)

where a is the impulsional response and F is the vector of the generalized forces

componants. We denote A - A the admittance mattrix.

Knowing the vector h(M) of the displacements (h (M))I I
of the eigen modes at point M, we can deduce the vertical displacement Z at that poin.

using the relation

(4 ) Z(Mt) - h(M) q,(t)

In order to achieve the calculus it is necessary to know the expression of the local

angle of attack I(M,t) in function of the turbulence. This expression will be different
according to the model chosen to represent the atmospheric turbulence.

1.2. Cylindrical turbulence

The cylindrical model is a simplified model of the atmospheric turbulence which suppose

that it is constant spanwise and which is entirely defined as soon as its value at a

single point M is known.0
More precisely, for an airplane flying along the x direction at speed V, the local

angle of attack 06(M,t) induced by the turbulent field W(M,t) is given by

(5) U (Mt) = 117 (Mt) / V = V (M ,t - (x.- x)/V) / V

where M (x,) is the point where the turbulence is measured and which is located at the

nose of the plane.

Denotineiv A,•o)) the Fourier trarsform of the non-stationary pressure A(MPt) at pcint M,
we get easily :

(6) A (M,0) = ýr (M, o) / V Js.(M,M',O)exp(-JO)(x-x%,) / V ) d M'

Therefore we see that the pressure is obtained by a linear filtering of the cylindrical

turbulence, the frequency response beeing given by the previous integral.

In the same way the non-staticnary forces and therefore also the vertical displacement

Z(M,t) are obtained by a linear filtering of the cylindrical turbulence and we consider

the frequency response that we shall call transfer at point M by

(7) T (M,ce) = Z(M,) /0) (Mý,) = 1/V h' A
Vz 0

We can then construct

0 (M, c0, - I T (M,0) 120 (0)

Zz W2

and the cuherence

7? (M,0=I (1.,) I 0)1 ((a) 4 (M 0))

1.3. Isotropic turbulence

The verti-al atmospheric turbulence is modeled by a second order stationary continuous

and zero mean gaussian process wich is isotropic and homogeneous. In this context, the

* - *-.- *-----
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local angle of attack is given by the relation

(8) (M',t) -V (M',t) / V

and the non-stationary pressures and the responses of the aircraft are not given any more
by a linear f.ltering of the turbulence at the single point M..

In order to get the transfer, we are going to construct directly the spectral density
0 (M, 0) of the response Z
Z:

at point M and the interspectral density between the turbulence measured at the reference
point M and the response Z at point M, 0 (M.,M,w).
TG calculate the generalized forces, the surface S is discretized. We denote
G(t) - (G (t)) m ,tMtit)) the mattrix of the discretized kernel (t)

H h (1 h()) the mattrix which columns contain the displacement of the mode i at point M
of the lattice, W(t) the vector which componants are the value of the turbulence at tim."

t and at the points of the lattice M.

The vertical displacement at point M, Z(M,t) is therefore Civen by the relation

(9) Z(M,t) = h (M) A * ( H G * W/V ) (t)

The process Z is thus obtained by the composition of two linear filtering of the
process W/V , the first impulse response beeing HG(t), the second one beeing h T(M)A(t). The
general theory of second order processes (4] show then that the pý:ocess Z is a second
orler, zero mean continuous gaussian process which is stationary , the spectal measure of
which besing given by the formula

(1G) '1z (M, o)) = hT(M) A(0)) H G(0)) S (c0) G (O)) H A()) h(M)

The quantity 3 (0)) is the matrix spectral measureC/v
of the process W/V which elements are defined by

(11) S /(ce) = [ Sv(MI,Mj,e))]J
W/ /v i J0) ii

where S v(M ,M ,1) represents the transverse spectral measure of the process W/V at the two
points M end MI j

In the same way, the cross-spectral density between the response Z and the turbulence
W/V at the measure point M is given by

0
'12) 0zlMM,O) - hTIM) A(() H G(T() S

wI /V
0

where

(13) S (0)) [ S (M0,M,1))]
0

represents the column of the transverse spectral measure at point M1

In order to be able to detine completly expression (10) and (12), we still have to
write down toe transverse spectral measure S /V(M',M,o)) between two p..ints M and M'.

This quantity has been calculated in reference (3]

(14) /V(M,',Co) - G'xp(-i(x-x')PC(s1)O ,() a N1 (0) ) (0)

p~l/2 .3/2 -1/2(15) c(/,¶1) = 21r(p+l/2) ((11i2)P 12K~l (1q) - 2 B('1/2)p K' (TlO))

n =p/a Wa)V+
p (y-y')2+(Z-Z')

a - L/ (p) / r(p+1/2)
B (- (1+ (aw) 2/V) ((z-z,)/p)2) (1+2 (p+l) (a0) /V

__JuI
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L boeing the turbulence length scale, K the Beasel function of order p.p
" (0) is the spectral density of the vertical turbulence

2 2 222 -p-
3

/
2

(16) 04 (0)) - 0 L/V2x (1+
2
(p+l) (a) 2/V2) (1+ (aO)2/V2 )

The Karman's model is obtained when p - 1/3 .

We can then construct a psnudo transfer T between the response Z12
and the process of the vertical turbulence

(11) 0 (M,O)- I T (M,o)) 0w (N)

where

2 A*AA
(18) IT 4 M,0w)I- h (M) A (0) H G(w) C (W) G (0)) H A () h(M)N/V

In the same way, using relation (12), we can construct the pseudo transfer T
NZ

(19) 0 (M, o) - T (M,m) 0 (03)

KZ NZ WN

and the pseudo coherence

2(S4,w)=I¢ (M,W) (2/0 (o)0z(S,C0)
-, 2, N( V Z WN zz

1.4. Turbulence length scale

The quantities C(0,•11) and 0 (0) depend of the turbulence
-" 2

length scale L and of the standart deviation a.

If we want to compare the theorical plane's responses Zo the measured ones, it is

necessary to estimate correctly these two parameters which characterize the turbulence

state during the in flight measures. In order to do that, using the measured spectral

Oensity, we do the ratio of two values of the spectum (16) for two different

frequencies and we obtain a relation which depends only of the length scale L. We get L

using an numerical iterative scheme.

Then we get easily the standart deviation. This method is however limited by the

scattering of the experimental spectrum values but it gives a rough estimate that it is

possible to improve.

II In flight measures for the Nord 260.

11.1. Modal Basis

The modal basis contain two rigid modes of pitching and plunging and twelve flexible

modes obtained during ground vibrations measures [2] and whicn characteristics are given

below

frequencies Hz 1 4.52 6.32 8.03 9.5 10.41 11.95 13.30 15.59 16.17 23.3 27.8

generalized mass 6.4 201 659 692 6.7 135 345 431 1.2 1070 88.2 256

structural damping .35 .009 .014 .011 .034 .027 .016 .017 .025 .022 .015 .018
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11.2. Positions of the accelerometers

MO'

2

: --------

III Comparison measure and theory

We use a length scale of 75 m for the turbulence which give a value of .78 for the

standart deviation.

igure I shows the comparison of the experimental and theorical spectrum. The inertial

area is well represented.
From now on we shall only look at the acceleration Z(M,t) of the vertical

displacement. Figures 2 and 3 show for two different accelerometers how the
theorical respons- compare when either the isotropic or the cylindrical model is used. We

can see a rather big difference for the two results, especially in the flexible modes

area. Such a difference had not been found for the responses of the Mirage III, this last

airplane haviig a much smaller aspect ratio than the Nord 260 which can be considered as

a large aspect ratio pl&ne.

The 5 last figures show the comparison between the theorical response using the
isotropic model and the experimental response for 5 different accelerometers. We see the

goud agreement of the results except -or the figura 7 which involve accelerometers

located at the wings's tip. This is due maybe to bad measures at these points.

The results for the transfers are not much modified when the value of the turbulence

length scale varies. This is not the case for the power spectral densities.

Of course the agreement is not perfect between the experimental and theorical results

the turbulence is already anisotropic at the altitude of 130 m where the measures were

made and there is always some noise wich add up to the turbulence excitation.

ij
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A PIVEWWOF IAOMUIDQJWT mUFNOIMi IN THl GK~rrOF
M~OMV ANALM -OTO

by

V'Card

dk A~ m A-~~

R~dinPEll ISO
UK

In the punt verlau gust load formiae. have town developed for the calculation of design gust loads a
aircraft. Since it wefirst ptlishmd in 1954 (Rof 1). thm alleviation facto qafriosch of Pratt and
Walker hoe gained almost ma1%4mna anqm~md for -w year has bee a fesiLiar part of the
airworthiness requirotmU Mor koth a ivil =id military aircraft.

Thm ariglimi omm-p of the 'Pratt famda* wa to predict tim peak ooelarstions an to discete g~uts
an a given aircraft for fligit tkhro4 a discrete list at tiam sms spe mid amlitude. Thus the
derive gust velocity is rot so muhan~ absolute physical qumitity, but is rather won a gust-laid
tramfer factor defined within theI of thm fCgmala. Am such themeithod ismosat ~iaccme w
restricted to usea n aircraft with jury similar crecteniatics. Laos confidenc mist be attachd to
predicted gust load cm aircraft wilchd wre uumnvent.1mil iwhn compail to thm data ocleacting aircraft.

Fartamately, as in amy other fields of anonmzticil bcience. the methods of calculating design gust
laf have been contuwtly Improved ovr the past 30 years. Rftional aid accuateanmalysis proco&asa
an iM aý -I all tiem ajor aircraft manuacturers. T.m ham sallwd all thm Azpor-tant.
features of now aircraft to be odelled aid thus have annaed that diff94ress in gust ropponp
characteristics are fully sommaono for in thm design prsor~ Thin is fully in accor with a
fmwdital principle of airworthines rinpairmit wichd 1 that load intonsiti,.. ard
dixtni~ztlom a ild closely I~sm actual condition or elms they must be shown to beonservative.
In gamaral, however. only onm mt of design gust velocities is prescribed aid thmen are boned upn
equvaelnt values derived using thm siqals fomula.

This would be reasnable if all thm &'=onto of thm goa ust analysis was only appicale to modern
airaraft ad if the effhctsa n thm prmian generation of aimerft wer Insignificant. Homer. thin
is patently not thm ca. "am alleviation fsoIter formua. -IadI lawe homaily an may simp"iyin
asom.ios whichd wer intvcaumd purely to facilitate thm solution of tim oratioms of noton. That in

not to sWj that all the elemnitn of V's sqatintim of noton which wers eliminated by Pratt and RIJir
ad other researchers wee noImgibla but rather that th&ix inclusion waild hawm lAd to an overly arduous
Wmassa too.

-Afm I- to wich~ aarmw* amomptam~n concening the modinga of aircraft response to discrete
gluts could have affecte gamUt conluaimnm upon pust statistics deived from iassumed acleartion
data in tim subject of thin pqapr. The wek described wasdne~ by British Aerosace, Waybridge wder a
research contract %, I I I by tim Civil Aviation Authority of tim Unlited KiJq~.

Thm opinionsm emesas in this paper are solely those of the Author.

2.0 =MMMIn Ca in WF2 or MMLDS irnni UPIR FOM A=

Thm design Vint velocities in current pust load requiremnts are basnd, for themost port, an
atatistical data coLleoted an U.S. trnwpat aircraft primr to 1950 ad uwagrted by father data
onllecedon Ba c 3zso trauport aircraft prtior to 1960. Gust velocity probblities woe era ived from
eamsodone cout Of Cu*xea-ct-Wvit 1-Iaceleration using a simple gust alleviation fsto M, g
based upona the aircraft -ý prut. Guot velocities derived in thin way oam be omafdaNkly used
for design, Vacmiding that the aircraft 1a r conideartion has similar I cha dracteristics to the
data col~lactiVt aircraft. Wwom this n isot thm ama a mao realistic picture of tim distribution of
true pust veokcity dwoald be 004*t. Ziselly. deign meti Amad deign re~rws @mtnd0A be
ocqalmm*mwy; g -1t pr~ing tim reaiedra mefty objective %ithcR* no cnc ponalty.

Gut load uAlysis mI~ rdav daveloped stom"il ove r suat yarm to kWima n step with developmets
in aircraft technology. Thm ef fects of flexcibility. wbua mom, high speed aerftmics, transport delays,
interferwrm 1-am lifting surfaces configuration chons (flap.. aslatspoilers etc) ad awtoilat
ane now routinely included in the design anal"si whimrsw opiato. Same of ts.features ar ealo



M"Mt to timhe detscl~lec" aircraft, but Me encludui fr tim data rob uo~wni to
I militVI 8 VwhAle Ot the OWAuMm Of eNtION. Zt ' I to datKmlim the Offlats that tieme fetairuse

-' m o an tim puat statistics date thommfor, It was necesay first to undruartd hw eac
ebMA of a inba saslyase would hav Inf1usmed tkm cocushions of earlier resarch studias. hsd rich
uuaiytical -Asi been mailable at the time.

aMINIMU of Itssu I dam nime diffbrent aircaft tpes war Uned to collect V-0 data during tim
parma 1913-¶Wh. oif theme be aizcmft which 11p0M psain=Uy hems bee eablated s. mrftl of

am I MANNOVesitimi. - TYPa 3 sed " gJ. 11h-- Aircrft wesm selected as being prqaeeIw of thm
elm of aircraft for which the Pratt apmnad i Ito be - ef fective.

they weals aircraft types for whic resonale estimates of wing as and stffMess data
exist in pubislad libuaturs Iftf 2). using this data it was poseibla to set up mathematical
u~ls which wauld give a reasnable argiimarIng representationat otim gust reapans
chlmrateristiin of eldi t~ye in amue with pr~suit diq timory.

Burly bzqusm sms~iresmta date asa aolle d art a lag. mibe of different aircraft
typee. Of tImo am i I~~V) was eeiated an fairly tvpiomi. it was also advantageou to a"*4
an aircraft onwic re~iabe& q data use available. this allameet a detailed sM accurate
metimetloal model of the aircarft to be farvalated ad I I I aginst NiU scale btt results.
Pj*lidud data an this airareit (Sof 31 ram an adde ref inment of a height bend bree1ftw,
requirng Inveatigation of gust load factors at greater alt~itudes then wars needed for tim U.S.
aircraft.

3.0 ADCA" lH1mflCM. DMA

Nothemticel sadala of the aircraft xw~ review were developed using thm latest anflytical
taehmiques from previously pidIshed mes n stiffness data. Rigid awroft~mmic load distributions
were celculea far each liftin U aw.fa using a coiination of votexi lattice and slandar body
theory. In areas dnE dftai!Ad Infomtion Was rat available engineering judgmant ws exesrcised
to provide a war"ig~mdtc of tim Masan data. Wa to tieme ansimtions it cwrdat be
claimed that tim final modaicl l geve an exact representation of each aircraft. Nckover.
it doald to aemd that tim snafle do pomesý tim Iunherent gust respons characteristics repros-
entatiwa of tim clmas of aircraft Is~ atuft. As usia eac cam be seen as indicative of thm
relative trends in at factors a~d gust loed, to be asuarciated with eadi change in sofling
tecwuip.

With tiem endel of the Type V aircraft. of course, this is not tim case. This matuttaticel
repraiiantation was baned upm validated deign data, with tim structural Ida cifLrmad by thm
results of full scale stiftemas teats, and graund and flieht vibration tosts, with merodyasmin
data m~orted bV wild tazoml test semassmanta.

A ccearlmon of tiem ajor design features of each type of aircraft studied is given in Table 1.
In oeata case the aircraft j i ~equastions tr-rc establislld in a way which permItted an
individual variation in -as seat of modailing techmique. At each stopr tUm responses to a
rump of" -coaiiu" shopsd guste %are calculated to determine tim chang, in Incaremetal
aceleration at tim centre-3f-Wavity.

Themoudelling assumpione izulmrent in the Pratt formula aproach to reopmui analysis are
susmrised In TWAb* 2, together with brief details of tim improvemnts mcdiaLd in current
state-of-tim art modelling eaostrs. kualysiR of sntypicial results obtained for aach clmas
of awroplnme ame sumiarisaed In Figmwe 1-3. Tuese figure show how the predicted incremental
e.g. sovelesatic. can very d~wLdng aqpm tim assumtions made omumning each pltsical
characteristic of tim aircraft Included in tim equations of motion.

Each block in tim diwma repessits tiem e ~aati predicted centre-of-gravi~ty acclerationa in
repause to a -1-coaizm- shape Vist. Reading from left to right reprmmuts tim intrcdution
of a selected aqzvAnt in moeling tochniqam. ?tu far right of the figure faithfully
represents tim compulete deaig~a proceduer in scadance with current UR practice. Tr *ach case
the datum vauev sI, is that maiia would bt obtained from tim basic rigid Pratt formula
solution. 7t can to seem that tim genral trend Is toaurds a h~gipxr espose as thim uathematical
model is preogruesively refined.

Tti final result counfirum that tim -topl' alleviation factor appromac will sericisly under-
estimate thm true acceleration which would to caused by aray discrete gust of a given meagitude.
Conversely, derived gtust velocities based upon tieme simple .acdals will, in turn, to over-
estimates of thm true gust velocity.

4.0 MUM= .OR AXCRMT COS= tO

In afition to tim caiculatLon of aircraft acclerations In tim variou cases, estimatst of tImI-
valuea of some imprtant loa parameters were also derived so that thm effects of tim various
modlling ref iinsmeta uon design loads could be I 1 1. Thm ovrall trends for Wing Flot

Needing 11 - for each cleas of aircraft irvestigated are summerised in Figueus 4-6. The
results confirm that noan anaslysis t~micqus arm -piit conerv~ative awhe coupgared with tim
Pratt fiamla approach and theme have lad to a gradual but siuificWant Increas in th
soeirity, of tim design criterion. iMese hiddn strength Increases must to assessed in tim light
of cimrnt safety objective& to ensure that tim intended airworthlima targets are set
utithizt un.m eam-sc penalty.
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5.0 RIA~iSOOMF OW QP FMaCT DMAIDL3MMt~

tim maximua value of oentre-of-gravity acclerat~ion that results fromu an wimmuter with a vertical
gust is largely dependet upon wai*,c, speed, altitud and centre-of-grevity position. 7he first
tiaras of those paramtes more fully accounted f, r by Pratt and Naiker in their assessment of
operatioral gust statistics (Wm 1). As only tha heave degree-of-franso wo considered at that
time, the position '3f the tr-of-grvt was imeotoiail. This 1em work has also cocfiximd
that the aseveity of the iagpuem to a gust is also Very dqndent upon the gust gradiint disteano.
This is d~matrated in Figures 7-9, *&idh preesent calculated resposes of eac Calss of aircraft
use in the current study to a xWW of discrete gusts of varying uwaveenth. 2hs tauning effect is
clearly evident miven for Ime. relatively rigid aircraft where the dynamic effects of wing f lexibility
would bs expected to be mnuc lowr than on a modern high owmmot ratio wing, particularly am With
pylon mouted segines.

As all the early gust urnposu data me collefted using standard V-G recorer, no information an
gradient distanc is & milable. Early resaardcers circumevietIId this problemn by arbitrarily
asmmumhg all guists to I* of equal wvewlength for eachi aircraft typo, although varying from type to
t-%pe owing to tim flind chord length ratio. The sensitivity of tdo date collect~ing aircraft to gusts
of different wavelengths ca to introdimmed into the aasmsomnnt prcedure, however, providing that a
probability of ocalrrenas can be established for eac gust length.

Alternatively, research by James into the statistical nature of discrete gust has shown (RefsU 4-51
that fabilies of romp gusts, whose amlitude vare' an Owavelength to tie powr am*-third", have an
equal probability of occlrrwene. This physical characteristlic has been demostrated in turbulence
analysis studies carried out by British Aerospac at Mibyridgs (Hof 6) for single ramp and
ombinations of ramp with a smoth 1-am~ino" profile. Adoption of this feature of equiprobability
to -or familisr symmetric discrete gust (Figure 10) will allcw a family of "1-cosine gusts to be
defined, each mebr of which will be an likely to oa= as any other. Furthermore if the 25 1 , d is
chosen as the datin for definition of the amplitude uicaling law as in Figure 11, then a tured gust of
equal probai(~lity to the 25 1 ,d gust can be ftoaM. Thum factors for convrsion of saccleration
to deriveJ ~pst Velocity can kv established which incorporate the concept of variable gust lengths,
whilst maintaining the some level of probability inheurent in the earlier analyses of Pratt, Walker,
Reullo and others.

The effects of the application of the discrete gust lawr1. on the peek acceleration. can be seom
in Figures 12-14 which provide a direct comparison with the constant amplitudie gust respo.se of
Figures 7-9.

The developtnt of acceleration to gust velocity conversion factors apprpriate to the latest
modielling assumptions, and a comarison with the Pratt datum result is summrines in Figures (15-17).
These factors are based upon representative flexible aircraft moudels which for the aircraft type V
will givL, the true corresponenoe between gust velocity and acceleration at the mean cruising
conditions. For the US aircraft the factors represent a reasonable estimate of the likely correspond-
onc din to uncertainties in the modl data.

The prime use of the revised gust factors described above has ben in the evaluation of more realistic
derived gust velocities appropriate to a large pae,~ of the American V-G data collected prior to 11)50
said the pert of the V-G--H data measured an European aircraft between 1953-1958. Calculated Vali, -1 of
derived gust velocity hod previously Iee fitted with theoretical extre. value distributions (Ref 7)
in order to smooth out irregularities in the data and to provide a conaistent basis for extrapolation.
M,~ this inventigaticsa therefore it use necessary only to apply the relevant gust conaversion factors
to cha give frequency distributions. This has a powrful effect upo the gust probebilities as skhal
in Figures 18-19.

It is emphamsied that the newe result is a product only of revised assumptions connezning the response
of the aircraft to the gust. Theme asomptions were made in the light of acomted modern techniques
of matlismatical amdelling and of recent theories of the nature of the atmosphere. other assuqmption
pertinent to the opration of the data collecting aircraft, such as estimates of mom opsrating
weights, speeds and altitudes have riot formed pert of this investigation and hame been accepted as
scuradly hused.

6.0 AUIi5MHflUSS CCHSIC2EX

British Civ±2.- Airworthinems Eaquiruments were revised in Decembier 1964 in an attempt to anticipate
the needs of turbine engined operations. The gust prcbilities assume at that time were extra-
polated from pre-1958 operational data and the target limit gust velocity was set at a value that
would he wat once in 30,000 hours. It was assued that the qusrt occurrfnc rate w~aid not very with
time so that expaerience from 30,000 hours of turbine powered opration could' he equated directly to
30,000 haurs of viston powred operations. The Minimum requirmnt Of S0ft/sec EAS at 20,000 feet
reducing to 25ft/sei at 50,000 feet therefore reflected the maxismi gust expaerienced in 30,000 hours
at 250 mph asauming a dynamuic stress factor of 1.0. The constant gust velocity below 20,000 feet

represented a relative increased probability of meeting the design gust but this tin balanced by the
decreaseed enposure tim associated with climb and decet

From 1964 the BCAR discrete gust design velociti~s have reflected those conxtained within u.s. Federal
Aviation Plegulations. That is not to say that the requirnments themselves wer identical since the
FAR 25 discrete gust requirnments specifies a fixed gradient distarce of 12.5 wing mean chords. In
the tUnited Kingdo there is cocern aowe the need to take o acinst of aircraft dynmmic resone in the

most critical responses on different parts of the aircraft has bean introduced. Although for many
aircraft the 12.5 chard gradient is close to being the mot critical for response quantities suchas
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wing root bending an t aircraft hame ifot=*mt zr ef feOtIjW atUoWmAl 100 hiiiih
turne to other gradient dULWMi..

Thurn d13*, fro a pointat fvlim of etrurnem ad** ther 12.5 chmd at greidint is iraw to being
the mos Impotant this toe not the ne for all sircreft no is it the came fur all parts an =W
aircraft. Asar weopnts, uswoas- the agplintlsat of active onatrols or othaw advance
cofiqgslunM am be now senitive to diwoets gust effects than past designs and it thwmfar.
becoms we iqieativo to ocesderam than cm graftent distance.

he parviously ihm gust valoottims 4eeloped bos simple reapoma models are aware whan mod %ith
at full setionl *wmac u'elbods. gos M ham rawagnimad thin fact and in its Natioarl Vhri... to
AR 25 ha 4atxo~al a zefoa gust velocity for us In onuosjamia with a dynamc amalysia. It
can be am In Figure 20 that the redution recognisas too important considaticar. Fir"t~, that
moder analyticanl 1, 4 oulid nm~ort lrnr probaLUitims of OtZrus gust velocity then the simple
a~llv"Ition Pma qpcmah Seonly, that the reliabiity of Im ;e t ort has led to
grae expectations of apezational safety theware- tihx** possible when the turbins uvgined aircraft
wee first inhrakiod. An airworthiness objective of am eumuiw with trn "wit gust in 50,000
flying housrs Isano tkuxjht to be aprapeiate.

7.0 CMC!LSIM

1) In the past simplified models of aircraft used to mssess opirational gust statistics haew lAd to
conservative astbsat of derived gust emoedanceu.

2) 11 1er reflanerts in aircraft sodeijing techniqueas hame gralially introdeud wnwervatima in trn
I Ias of calculating gust loads. Gist statialtic reviewd in ther light of thems I~ analytical
-a~d aWort the CAR view that gust velocities devielaped for -m with simple rigid aircraft

models are too amor for use with a Ioer dynnasc analysis.

3) Even in the ligt of impoved safety targets, a 10 per oun. redhction in design gust velocity
can he readily justified. Further redoctinar may he Justified an the basis of fission analysis
coniderations, or by invs atg-,tioc of mo recm aceleration statistics collncted by the
current generation of transport aircraft. In the latter cass it will he essential to waccut for
all realevant features of the suject aircraft in the derivation of gust velocities so as to ob.tain
a true picture of the gust statistics.

1. A Revised Gust load Mtmila, and a fl-e-sluation of V-G Data Taecan an Civil Transport Airplanes
from 1933 to 1950. HAM 9 1 rt 1206 (1954). K/r,.Pratt V.G.VeIJIer.

2. Structural espAse to Discrete dnd Oontiwsxum Mats of an Airplane Having Wi" Banding Flexibility
and a Correlation of Calcualated w4d Flight Results.
J.C.Iktubolt, E.E.Kardes.

3. A Review of Counting Aoleroaruter Data ot Aircraft Gust loads. RAE TR66234 July 1966.N.I.Bullmn.

4. A "Wrnry for Msine Qrnt toAd. on an Aircraft Based at the Rqepresetation of the AtmMiier
as a Sel~f-Similar Intermittent P~ando Process. PME Tvchtical P~ort 68030 (1968) J.G.Jcaus.

5. Statistical Discrete Gist Theory for Aircraft loack. A Progress Import RAE Tadimical. PArLt
73167 ( 1973) J.G.Jateu.

6. * ti Develcpmant of the Jams Statistical Discrete Gust Method for the Prediction of Aircraft
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7. The Awlicaticri of the Statistical 'Theory of Extreme Values to Ouat-toad fablems.wA Rwort
99t (1950). li.Press
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CONPARIOSON OF SIGNIFICANT DESIGN FEATURES
OF THE DATA COLLECTING AIRCRhFTfAIRCRAFT E AIRCRAFT J AIRCRAFT V
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TABLE I
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dions made at the secondorksho]which was held, under the chairmanship of

Mr RF.O'Connell, oscuss eto-ds of ý yandggulations. T'?'Prs i 4 f
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